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Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM 
THE MAILING DATE OF THIS COMMUNICATION. 

- Extensions of time may be available under the provisions of 37 CFR 1 .136(a). In no event, however, may a reply be timely filed 
after SIX (6) MONTHS from the mailing date of this communication. 

- If the period for reply spedfied above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely. 

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication. 

- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 1 33). 
Any reply received by the Office later than three months after the mailing date of this communication, even If timely filed, may reduce any 
earned patent tenm adjustment. See 37 CFR 1.704(b). 

Status 

1)S Responsive to communication(s) filed on 4/29/04 , 
2a)n This action is FINAL. 2b)K This action is non-final. 

3) n Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 CD. 1 1, 453 O.G. 213. 

Disposition of Claims 

4) ^ Claim(s) 1-20 is/are pending in the application. 

4a) Of the above claim(s) 17-20 is/are withdrawn from consideration. 

5) Q Clalm(s) is/are allowed. 

6) 13 Claim(s) li/6 is/are rejected. 
?)□ Claim(s) is/are objected to. 

8) 0 Claim(s) are subject to restriction and/or election requirement. 

Application Papers 

9) n The specification is objected to by the Examiner. 

10)0 The drawing(s) filed on is/are: 3)0 accepted or b)\3 objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held In abeyance. See 37 CFR 1 .85(a). 

Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d). 
1 1 )□ The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-1 52. 

Priority under 35 U.S.C. § 119 

12)13 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 1 19(a)-(d) or (f). 
a)l3 All b)n Some * c)^ None of: 

1 Certified copies of the priority documents have been received. 

2. n Certified copies of the priority documents have been received in Application No. . 

3. n Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17.2(a)). 
* See the attached detailed OfFice action for a list of the certified copies not received. 
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DETAILED ACTION 
Non-Final Rejection 

Claims 1-20 are pending. 

Election/Restrictions 

Applicants' election with traverse of Group I (Claims 1-16) in Paper filed on 4/29/04 is 
acknowledged. The traversal is on the ground(s) that the examiner fails to show that examining 
all claims constitute a serious burden and applicant asserts that the claims of Group I and Group 
n concem the same essential invention because both are directed to replication of an El - 
deificient adenovirus in a cell comprising YB-1 in its nucleus for the treatment of tumors, the 
groups only differ with respect to the source of YB-1 . This is not found persuasive because as 
admitted by appUcant the source of YB-1 is different for each method. The method in Group I 
requires transfecting a cell with an El -deficient adenovims comprising an YB-1 DNA sequence 
and expressing YB-1 in the cell and Group II does not require this method step. The method in 
Group I requires an El -deficient adenovirus comprising an YB-1 DNA sequence and the method 
in Group II does not require the adenovirus. As stated in the election/restriction mails on 
10/29/03, the search for each Group is not co-extensive and each group was classified in a 
different class/subclass. Other than applicants* assertion that the search for each group together 
will not be an undue burden on the examiner, the applicants have not provided sufficient 
evidence that it would not be an undue burden on the examiner to search both groups. 

The requirement is still deemed proper and is therefore made FINAL. 
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Claims 17-20 are withdrawn from further consideration pursuant to 37 CFR 1.142(b), as 
being drawn to a nonelected invention, there being no allowable generic or linking claim. 
Applicant timely traversed the restriction (election) requirement in Paper filed on 4/29/04. 

Priority 

Receipt is acknowledged of papers submitted under 35 U.S.C. 1 19(a)-(d), which papers 
have been placed of record in the file. 

Information Disclosure Statement 
The appUcants state that search reports were included in the IDS filed on Al 11102, 
However, there are no search reports of record. If applicants want the search reports to be 
considered, then the search reports should be included in response to this office action. 

1 ^ 

Claim Rejections - 35 USC § 112 

The following is a quotation of the first paragraph of 35 U.S.C. 1 12: 

The specification shall contain a written description of the invention, and of the manner and process of making 
and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the art to which it 
pertains, or with which it is most nearly connected, to make and use the same and shall set forth the best mode 
contemplated by the inventor of carrying out his invention. 

Claims 7-9 and 12 are rejected under 35 U.S.C. 1 12, first paragraph, as failing to comply 
with the enablement requirement. The claim(s) contains subject matter, which was not described 
in the specification in such a way as to enable one skilled in the art to which it pertains, or with 
which it is most nearly connected, to make and/or use the invention. 
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Claims 10 and 1 1 are rejected under 35 U.S.C. 1 12, first paragraph, because the 
specification, while being enabling for a method of treatment for tumors comprising 
administering to a tumor in a patient in need thereof said El deficient adenovirus comprising a 
DNA sequence encoding YB-1 and administration of substances which damage tumor cells, 
surgical tumor excision, radiation therapy, chemotherapy, and hyperthermia, does not reasonably 
provide enablement for a method of treatment for tumors comprising administering to a patient 
in need thereof a medicament comprising an El-deficient adenovirus comprising a YB-1 
encoding DNA sequence and gene therapy. The specification does not enable any person skilled 
in the art to which it pertains, or with which it is most nearly connected, to use the invention 
commensurate in scope with these claims. 

Claims 13-16 are rejected under 35 U.S.C. 1 12, first paragraph, because the specification, 
while being enabling for a method for El -independent replication of replication defective 
adenovirus comprising administering to a tumor cell in vitro a recombinant adenovims carrying a 
DNA sequence encoding YB-1, inducing expression of YB-1 in said tumor cell, causing said 
adenovirus to replicate in the presence of YB-1, does not reasonably provide enablement for a 
method for El -independent repUcation of replication defective adenovirus comprising 
administering to a cell recombinant adenovirus carrying a YB-1 encoding DNA sequence, 
inducing expression of YB-1 in said cell The specification does not enable any person skilled in 
the art to which it pertains, or with which it is most nearly connected, to use the invention 
commensurate in scope with these claims. 

Factors to be considered in determining whether a disclosure would require undue experimentation have 
been summarized in In re Wands. 858 F.2d 731, 8USPQ2d 1400 (Fed, Cir. 1988). They include (1) flie 
quantity of experimentation necessary, (2) the amount of direction or guidance presented, (3) the presence 
or absence of working examples, (4) the nature of the invention, (5) the state of the prior art, (6) the relative 
skiU of those in the art, (7) the predictability or unpredictability of the art, and (8) the breadth of the claims. 
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Applicants claim methods for treatment of tumors in a patent in need thereof, a method 
for El independent replication of a replication-defective adenovims, wherein said methods use 
an El deficient adenovirus comprising a YB-1 encoding DNA sequence. In view of the 
guidance in the specification, the claimed methods are directed to a method of cancer gene 
therapy using the El deficient adenovirus. 

At the time the application was filed, gene therapy was considered to be unpredictable 
due to significant problems in several areas. The state of the art, exemplified by Anderson et al.. 
Nature, Vol 392, pp. 25-30, 1998, displays major consideration for any gene transfer or any 
DNA therapy protocol involve issues that include: 

1) The type of vector and amount of DNA constructs to be administered, 

2) The route and time course of administration, the sites of administration, and successfiil 
uptake of the claimed DNA at the target site; 

3) The trafficking of the genetic material within cellular organelles, the rate of 
degradation of the DNA, the level of mRNA produced, the stability of the mRNA product, the 
amount and stabiUty of the protein produced, and 

4) What amoxmt of the expressed proteins considered to be therapeutically effective for a 
DNA therapy method. 

In addition, all of these issues differ dramatically based on the specific vector used, the 
route of administration, the animal being treated, therapeutically effective amount of the DNA, 
and the disease being treated. 

Anderson teaches that gene therapy is a powerful new technology that still requires 
several years before it will make a noticeable impact on the treatment of disease, and that several 
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major deficiencies still exist including poor delivery systems, both viral and non-viral, and poor 
gene expression after genes are delivered (pp. 25-30). 

Anderson further teaches that the reason for the low efficiency of gene transfer and 
expression in himian patients is that we still lack the basis understanding of how vectors should 
be constructed what regulatory sequences are appropriated for which cell types (page 30, colimm 
1, last paragraph). Furthermore, Verma, Nature, Vol. 389, pages 239-242, 1997, indicates that 
factors including the nature of the diseases and/or disorders, the nature of a DNA and/or target 
tissue, and a delivery system and/or amounts of the DNA complexes employed in the delivery 
system that would generate a therapeutic effect in vivo must be considered for any gene therapy 
method to be successfiil (page 238, columns 1 and 2). 

In further view of the doubts expressed above by Anderson and Verma, the state of the 
art for cancer gene therapy as discussed by Vile et al, (Gene Therapy, Vol. 7, pp. 2-8, 2000). 
Vile teaches: 

The problems which gene therapy for cancer will take into the next millennium focus far 
less on the choice of therapeutic gene(s) to be used than on the means of delivering them. 
There is already a battery of genes that we know are very effective in killing cells, if they 
can be expressed at the right site and at appropriate levels. None the less, imtil the 
perfect vector is developed, the choice of gene will remain crucially important in order to 
compensate for the deficiencies of the vectors we currently have available (page 2, 1^* 
paragraph, left column). Whatever its mechanism, no single genes can be a serious 
contender unless it has a demonstrable bystander effect (page 2, right column). The 
requirement for such a bystander effect stems directly from the poor delivery efficiency 
provided by current vectors (page 2, right column). 

A genuine ability to target delivery systems to tumor cells distributed widely throughout 
the body of a patient would simultaneously increase real titers and efficacy. In truth, no 
such systemically targeted vectors exist yet. Injection of vectors into the bloodstream for 
the treatment of cancer requires not only that the vectors be targeted (to infect only tumor 
cells) but also that they by protected (from degradation, sequestration or immxme attack) 
for long periods of time so that they can reach the appropriate sites for infection. 
Moreover, having reached such sites, the vectors must be able to penetrate into the tumor 
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from the bloodstream before carrying out their targeted infection (page 4, bottom left 
column and top right column). 

Thus, at the time the application was filed, the state of the art for gene therapy was considered 

highly unpredictable. 

For additional reviews of the unpredictability of the gene therapy art, see Gomez-Navarro 
et al., European Journal of Cancer, Vol. 35, pp. 867-885, 1999; McNeish et al. Gene Therapy, 
pp. 1-7, 2004; Green et al, Cancer Gene Therapy, 9:1036-1042 2002; Alemany et al.. Nature 
Biotechnology, 18:723-727, 2000; Gromeier, ASM News, 68:438-445, 2002. 

With respect to the treatment methods in claims 7-12, the specification is only enabled 
for combination cancer therapy comprising administering said El deficient adenovirus 
comprising YB-1 encoding DNA sequence and administration of substances which damage 
tumor cells, surgical tumor excision, radiation therapy, chemotherapy, hyperthermia and not for 
the full breadth of the claimed method because it would have taken one skilled in the art an 
undue and excessive amoimt of experimentation to practice using an El deficient adenoviras by 
itself to treat a tumor in a patient. The art of record teaches that cancer gene therapy is 
unpredictable. The unpredictability taught by the art of record involves poor and inefficient 
deHvery of adenovirus to target a tumor, host immune response which limit the ability of the 
adenovirus to infect a tumor, failure to efficiently infect certain tumors which lack adenoviral 
receptor CAR, promiscuous tropism which causes uncontrolled adenoviral infection and gene 
transfer into normal bystander cells, uptake intake into the liver of adenovirus instead of uptake 
into target tumor when the virus is systemically (e.g., intravenous administration) delivered to a 
patient. 
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With regard to previous experience with adenovirus to treat cancer, McNeish et al, 

(supra) teaches that in 93 patients receiving adenoviral particles, no objective clinical response 

were seen patients receiving the virus alone but that some responses were seen in patients 

receiving the virus in combination with chemotherapeutic agents. McNeish further teaches that: 

Although targeting tumor suppressor gene pathways is an attractive and logical strategy for 
cancer gene therapy, results from clinical trials have not mirrored the preclinical studies. 
Clearly, the ability to induce cell cycle arrest and apoptosis in vitro or growth arrest in mouse 
xenografts does not guarantee response in clinical trials. See page 5. 

This is fiirther supported by Gomes-Navarro et al., (supra), who teaches that, 'the spontaneous 
behavior of human tumors is somewhat different for that of malignant cells in vitro, and from 
that of experimental tumors in animal models." 

Applicants provide no working example of the methods set forth in claims 7-12. The 
applicants teach that an El minus adenovirus coding for YB-1 can kill tumor cells in vitro; 
however, the art of record and the specification do not teach one skilled in the art how to 
correlate between results obtained in vitro studies set forth in the specification with results which 
the skilled artisan would reasonably expect to see in vivo. Furthermore, oncolysis in a cell line 
does not provide a nexus to treatment of tumors in vivo because the art of record and the 
specification do not provide sufficient guidance and/or factual evidence that killing tumor cells 
in vitro reasonably extrapolates to treatment of a tumor in vivo because killing tumor cells in 
vitro does not indicate that the number of tumor cells killed in a tumor in vivo is more than the 
number of new timior cells in the tumor. 

Furthermore, with respect to claim 10 directed to using additional therapy with the 
claimed El deficient adenovirus, the specification provides sufficient guidance for a method of 
treating a tumor in a patient comprising administering said El deficient adenovirus comprising 
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YB-1 encoding DNA sequence and administration of substances which damage tumor cells, 
surgical tumor excision, radiation therapy, chemotherapy, and hyperthermia because the 
additional methods hsted in claim 10 were already known in the art, at the time the application 
was filed, for treating a txmior in a patient. In addition, the specification and the art of record do 
not provide sufficient guidance and/or factual evidence that the claimed adenovirus would 
counteract the additional therapies set forth in claim 10. However, claim 10 reads on using gene 
therapy in combination with the claimed El deficient adenovirus. The art of record and the 
specification are absent for using gene therapy in the claimed method. The relevance of using 
gene therapy is unclear because neither the applicants nor the prior art teach a nexus between 
using the claimed method and using gene therapy in the claimed method. 

Given the above analysis of the factors, it is concluded that the specification provides 
sufRcient guidance for combination therapy comprising administering said El deficient 
adenovirus comprising YB-1 encoding DNA sequence and administration of substances which 
damage tumor cells, surgical tumor excision, radiation therapy, chemotherapy, and hyperthermia 
and not for the full scope of the claimed invention. 

Furthermore, with respect to claims 13-16, the claims can read on a method for El- 
independent repUcation of a replication defective adenovirus in vitro or in vivo. With regard to 
the claimed method practiced in vitro, applicants' disclosure does teach one skilled in the art how 
to use this method on tumor cells in vitro. The in vitro embodiments involve transfecting of 
immortaUzed cells with the adenovirus showing nucleus location of YB-1 using El-deficient 
adenovirus encoding YB-1 DNA sequence; showing oncolysis of tumor cell lines by adenovirus 
expressing YB-1; and showing formation of adenoviral particles in a cancer cell line. 
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In addition, with respect to using the claimed methods in vivo, the only disclosed use for 
in vivo is for treatment of tumors, cancers, maUgnant diseases, cells and tissues exhibiting 
aberrant growth. For the reasons set forth above, the claimed in vivo method is not considered 
enabled. For the xmpredictability of cancer gene therapy see Vile (supra), Green (supra) and 
Gomes-Navarro (supra). Applicants provide no working example of the in vivo method 
embraced in claims 13-16. The applicants teach that an El minus adenovirus coding for YB-1 
can kill tumor cells in vitro. In view of the In Re Wands Factors, one skilled in the art could 
correlate not from the results obtained from the in vitro studies to killing tumor cells in vivo 
using administration of the claimed adenovirus. In addition, the specification does not teach how 
to overcome the problems taught by the art of record with adenovirus gene therapy and using any 
route of administration. Therefore, it would take one skilled in the art an undue amount of 
experimentation to determine what route of administration (e.g. intravenous, dermal, nasal, 
rectal, vaginal, inhalation, or topical administration) would result in oncolysis of a tumor cell in 
vivo using the claimed methods. 

In conclusion, the as-filed specification and the claims coupled with the art of record, at 
the time the invention was made, only provide sufficient guidance and/or evidence to reasonably 
enable a method for El -independent replication of replication defective adenovims comprising 
administering to a tumor cell in vitro a recombinant adenovims carrying a DNA sequence 
encoding YB-1, inducing expression of YB-1 in said tumor cell, causing said adenovims to 
replicate in the presence of YB-1 and not for the full breadth of the claimed invention. Given 
that cancer gene therapy wherein an adenovims is employed to treat a tumor in an individual was 
unpredictable at the time the invention was made, and given the lack of sufficient guidance as to 
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a cancer gene therapy effect produced by any adenovirus cited in the claims, one skilled in the art 
would have to engage in a large quantity of experimentation in order to practice the claimed 
invention based on the applicants' disclosure and the unpredictability of cancer gene therapy. 

Claim Rejections - 35 USC § 102 
The following is a quotation of the appropriate paragraphs of 35 U.S.C, 102 that form the 
basis for the rejections under this section made in this Office action: 

A person shall be entitled to a patent unless - 

(f) he did not himself invent the subject matter sought to be patented. 

Claims 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 1 1 are rejected under 35 U.S.C. 102(f) because the 
appUcant did not invent the claimed subject matter. U.S. application 10/451,210 has one 
common inventor with the instant apphcation. In addition, at the time the instant application was 
examined there was no evidence of record that the apphcation and US 1 0/45 1 ,2 1 0 were 
commonly assigned. 

Claims 1-6 are directed to an El-deficient adenovirus comprising a DNA sequence 
encoding a YB-1 protein. US '210 claims an adenoviral nucleic acid comprising a nucleic acid 
sequence coding for YB-1, wherein the adenoviral nucleic acid is El deficient (claim 53). El 
deficient means that the adenovirus is Ela and Elb deficient. US '210 claims an adenovirus 
comprising the adenoviral nucleic acid (claim 65). 

Claims 7-11 embrace using combination therapy comprising administering said El 
deficient adenovirus comprising a DNA sequence encoding YB-1 and administration of 
substances which damage tumor cells, surgical tumor excision, radiation therapy, chemotherapy, 
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and hyperthermia. US '210 claims using a cyostatic agent with the adenovirus to treat a tumor 
disease (claims 68, 70, and 71). 



Double Patenting 

The nonstatutory double patenting rejection is based on a judicially created doctrine 
grounded in public policy (a policy reflected in the statute) so as to prevent the unjustified or 
improper timewise extension of the "right to exclude" granted by a patent and to prevent possible 
harassment by multiple assignees. See In re Goodman, 1 1 F.3d 1046, 29 USPQ2d 2010 (Fed. 
Cir. 1993); In re LongU 759 F.2d 887, 225 USPQ 645 (Fed. Cir. 1985); In re Van Omum, 686 
F.2d 937, 214 USPQ 761 (CCPA 1982); In re VogeU 422 F.2d 438, 164 USPQ 619 (CCPA 
1970);and, In re Thorington, 418 F.2d 528, 163 USPQ 644 (CCPA 1969). 

A timely filed terminal disclaimer in compliance with 37 CFR 1.32 1(c) may be used to 
overcome an actual or provisional rejection based on a nonstatutory double patenting ground 
provided the conflicting application or patent is shown to be commonly owned with this 
application. See 37 CFR 1.130(b). 

Effective January 1, 1994, a registered attomey or agent of record may sign a terminal 
disclaimer. A terminal disclaimer signed by the assignee must fiiUy comply with 37 
CFR 3.73(b). 

Claims 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 1 1 are provisionally rejected under the judicially 
created doctrine of obviousness-type double patenting as being unpatentable over claims 53, 65, 
68, 69, 70, 71, 72, and 79 of copending Application No. 10/451,210. Although the conflicting 
claims are not identical, they are not patentably distinct fi:om each other because the pending 
application and application '210 are directed to an adenoviral nucleic acid comprising a nucleic 
acid sequence coding for YB-1, wherein the adenoviral nucleic acid is El deficient. In addition, 
US '210 claims using a pharmaceutical comprising a cyostatic agent with the adenovirus to treat 
a tumor disease (claim 71). 

This is a provisional obviousness-type double patenting rejection because the conflicting 



claims have not in fact been patented. 
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Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Brian Whiteman whose telephone number is (571) 272-0764. 
The examiner can normally be reached on Monday through Friday from 7:00 to 4:00 (Eastem 
Standard Time), with altemating Fridays off. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, John LeGuyader, SPE - Art Unit 1635, can be reached at (571) 272-0760. 

Papers related to this application may be submitted to Group 1600 by facsimile 
transmission. Papers should be faxed to Group 1600 via the PTO Fax Center located in Crystal 
Mall 1. The faxing of such papers must conform with the notice pubUshed in the Official 
Gazette, 1096 OG 30 (November 15, 1989). The CMl Fax Center number is (703) 872-9306. 

Any inquiry of a general nature or relating to the status of this application or proceeding 
should be directed to the receptionist whose telephone number is (703) 308-0196. 

Brian Whiteman 

Patent Examiner, Group 1635 
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The Gist approved dimcal protocol for somatic gene therapy started 
trials in September 1990'. Since then, in just 772 yean» more than 300 
dinica) protocols have been approved worldwide and over 3,000 
patients have carried genetically engineered cells in their body. The 
conclusions from these tnak are that gene therapy has the potential 
for treating a broad array of human diseases and that the procedure 
appears to carry a very low risk of adverse reactions; die efficiency of 
gene transfer and expression in human patients is, however, still dis- 
appointingly low. Except for anecdotal reports of individual patients 
being helped, there is still no conclusive evidence that a gene-therapy 
protocol has been successful ui the treatment of a human disease. Wtf 
not? 

In this review I will examine the 'why not?' by evaluating the 
promise and the problems of gene therapy. Hiere are various cate- 
gories of somatic cell gene tfierapy, distinguished by the mode of 
delivery of the gene to the affected tissue (sec Box I ). The challenge is 
to develop gene d\erapy as an efficient and safe drug-delivery system. 
This goal is more difikuJt to achieve than many investigators had pre- 
dicted S years ago. The human body has spent many thousands of 
years learning to protect itself from the onslaught of environmental 
hazards, including the incorporation of foreign DNA into its genome. 
Viniscs, however, have been partially successful in overcoming these 
barriers and being able to insert dieir genedc material into human 
cells. Hence the initial efforU at gene therapy have been directed 
towards engineering viruses so diat they could be used as vectors to 
carry therapeutic genes into patients. A number of reviews on aspects 
of gene therapy have been published rcccnd/**"; this review wiU con- 
sider the categories of die various virus vectors In turn. 

Vsctars baaatf on RMA vIniSM 

Retroviruses were initially chosen as the most promising gene- transfer 
vehicles". Currendy, about 60% of all approved clinical protocols uti- 
Dze retroviral vectors. These RNA viruses can carry out efficient gene 
transfer into many cell types and can stably integrate into the host cell 
genome (Fig. 1), thereby providing die possibility of long-term 
expression. They have mininul risk because retroviruses have evolved 
into relatively non-pathogenic parasites (aldiough there are excep- 
tions> such as the human inunimodeiiciency viruses (HIV) and 
human T ccU lymphotropic viruses (HTLV)). In particular, murine 
leukaemia virus (MuLV) has traditionally been used as the vector of 
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choice for clinical gene -Uierapy protocols, and a variety of packaging 
systems to enclose the vector genome within viral partides have been 
devebpcd. The vectors themselves have all of the viral genes removed, 
are fully replication-defective and can accept up to about 8 kilobases 
(kb) of exogenous DNA. 

The problems that investigators face in developing retroviral vec- 
tors that are effective in treating disease are of four main types: obtain* 
ing efficient delivery, transducing non-dividing cells, sustaining 
long-term gene expression, and devebping a cost-effective way to 
manubcture the vector. 

Obtaining cflkicnt delivery. Qtnicai protocols widi retroviral vectors 
primarily use the ex vivo approach. Currendy, the cells that are trans- 
duced by retroviral vectors are those that possess a high level of the 
natural MuLV (amphotn^ic) receptor and are actively dividing at the 
time of exposure to die vector. Most human cells that can be grown in 
vitro an be transduced, although a few cell types cannot. An impor- 
tant target cell is die primitive haematopoietic stem cell (HSC) 
because gene transfer into these cells would result in gene-engineered 
cells for the life of the recipient. However, HSCs have a bw level of 
amphotropic receptor and are poorly transducible*'. The HSC 
remains, therefore, an important but elusive target 

The broad range of cell types possessing the amphotropic receptor, 
known to be a phosphate symport, limits die taiiget-specific utility of 
these vectors in the in vivo approach. Using dif^ent viral envelope 
proteins diat recognize different receptors (for example, die vesicular 
stomatitis virus (VSV)-G protein or die gibbon ape leukaemia vims 
(GALV) envelope protein) can vary the range of ceils that can be 
transduced, but still does not provide much specificity. The difficulty 
is that» because retroviral vectors cannot be generated at a high titre 
(amphotropic vectors appear to be limited to 1 x lo' colony-forming 
units (CFU) per ml and VSV-G pscudoiypcd vectors to 1 K 10* CPU 
per ml), it is not possible to get a large number of vector particles to 
the desired cell type in vivo. Ttie viral partides would bind to many 
cells they encounter and, therefore, would be diluted out before reach- 
ing dieir target (other issues, such as complement-mediated lysis, will 
be discussed later). The problem can be quantified. The human body 
contains about 5X 10*^ cells. If a 100 ml sample of retroviral vector 
were given to a patient, that would be about 1 X 10' acthne vector par* 
tides. Even if every vector pardde were 100% effident at infection, 
only I cell in 50,000 would be transduced. What is needed is a retrovi- 
ral paitide that will preferentially bind to its target cell and can be 
manu&ctured at a high titre. 

Efforts to target specific cdl types have centred on attempts to 
engineer the natural retroviral envelope protein. The envelope protein 
has two fimctions: binding to its receptor (by die surface (SU) moiety) 
and enabling die entry of the viral nudeoprotein core (carried out pri- 
marily by the transmembrane (TM) moiety). The SU protein bindb to 
its receptor on the target cell surface and, as a result, the SU/TM comr 
plex imdergoes a conformational change that aUows fusion of the viral 
and cellular membranes, followed by entry of the viral core (which 
arries the virus's genetic information) into die target cell^ cytoplasm 
(Fig.l). 

Two broad approaches to providing target cell specificity have been 
followed. First, the natural receptor-binding domain of the SU protein 
has been replaced with a ligand or single-chain antibody that recog- 
nizes a specific cell surface receptor''''\ A wide range of receptors have 
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I been targcttd. but the difficuJty is that even though specific binding These vectors are able to transduce a broad range of ceO types, are not 
I can be obtained between the engineered vector and the UT%tt ceU inactivated by hunuui senun, and may be able to transduce some 
receptor, gene transfer has been unacceptably low in all these experi- non-dividing, as %vrn as dividing, cdls. 

mcnls. The reason is dear. The retroviral envelope protein is thought Improving gene cxpicaiJon. Assuming that effident gene transfer can 
to be a trimer with a complex quaternary structure". When the nat* be developed, the next issue is long-ierm» stable gene expression at an 
ural receptor-bindtng domain is replaced by a foreign sequence, the appropriate level*. This is perhaps the greatest shortcoming of present 
whole stniaure of the envelope protein is altered. Hie result is that vectors. Although gene expression is being discussed here under retro- 
the natural post-binding conformational change that leads to the viral vectors, the topic applies to gene trawfer vectors of ail types, 
fiwion of the vims with the all membrane does not occur. Without Several faaors are involved in maintaining the stable expression of 
fusion, core entry and gene transfer do not take place efficiently. genes after their transfer. First, the regulatory sequences diat control 

Engineering the receptor-binding domain of SU while maintain- gene expression often do not remain activt There is a tendency for the 
ing die ability of the envelope protein to carry out core entry will cell to recognize foreign promoters (particularly viral promoters such 
require a belter understanding of the stniaure-function relation- as simian virus 40 (SV40) and cytomegalovirus (CMV)) and inacti- 
ships within the envelope protein complex, lliis understanding has vate them {by mcthylalion or other mechanisms). The role of lym- 
bccn enhanced by die recent publication of the three-dimensional phokines. cytokines and other growth facton in maintaining gene 
structure of the receptor-binding domain of the murine ecotropic expression is also poorly understood. Second, even if die gene suys 
(Friend strain) SU protein**. It should now be possible to engineer active within the cel]» the cell often dies. The immune system is 
ligands into very ^jecific sites in the SU protein with a higher proba- designed to recognize and eliminate foreign gene products and cells 
bility of maintaining the functional properties of the cnvetope pro- that produce a foreign protein. All viraj genes arc eliminated from 
tein for core entry. retroviral vectors, and so immune recognition of viral proteins (except 

Other stnicture-ftinction studies of the reu-oviral envefopc pro- for those, such as capsid proteins, that are packaged into die viral par- 
tein are also contributing to our understanding of how to obtain effi- tide itselQ is not an issue (but see the discu.won of adenoviral vectors 
cicnt core entry after binding. The three-dimensional structure of a below). Nonedieless, die immune system is still likely to recognize a 
portion of die Moloney ecotropic retroviral TM protein was pub- new or modified protein produced by the dierapeutic gene; a newly 
lished last year''. Reccndy it has been shown that the separate synthesized normal protein wiO appear abnormal to an immune sys- 
monomers in die predicted trimeric sUiicture of the envelope can tem diat has never been exposed to it. 

cross-talk with each odier". In other words, separate monomcn, Use of a cell's own m-regulatory DNA sequences will probably 
cadi of which is defectwc, an complement each other to provide an provide more stable long-term gene expression dian can be obtained 
active trimeric envelope. Using this technique it has been possible to with viral promotcis, but identifying all the components of a gene's 
define separate functional domains in die TM protein". As the com- regulatory system can be difficult As an extreme case, die regulatory 
picte three-dirnensional structure and functional domains of the sequences involved in the proper regulation of the haemoglobin O- 
envdope protein become known, constructing retroviral vectors that globin) genes are spread over nearly 100 kb. Because a retroviral vcc- 
are able to target specific celk widi high efficiency should be possible, tor can only accommodate 6-8 kb of sequence, regulatory sequences 
Progress has been made using a second broad approach to target- may need to be truncated to dieir minimal essential length before 
mg that could be called 'tethering*. Although several creative systems being incorporated into such vectors. Even when die natural 
have been designed', die most succcssftil approach at present appears regulatory elements are used, they may not function correctly widiout 
to be insertion of a ligand that recognizes an cxtraccUuJar matrix die proper signals and feedback mechanisms diat normally operate in 
(ECM) component into a part of die SU protein diat does not dU- the appropriate cellular mUieu. For example, the insulin 
turb the natural receptor-binding domain. This tediering concen- enhancer/promoter still cannot direct regulated expression when 
trates die vector in the ECM in die vicinity of the target ceUs. delhFered to fibroblasts. Again, this emphasiies die need to devek)p 
Receptor binding and core entry can dicn occur duough die natural vectors diat are capable of gene transfer to specific ceU types, 
envelope-receptor mechanism. Two ligands that appear particuhriy There is steady progress on these fronts, but long-term, stable, 
useftd for tediering are those specific for fibronectin'* and for coUa- appropriate-level gene expression irt vnv in a range of cell types is still 
gen . Fibroncctin is present in normal ECM and exposed coDagen is to be accomplished. Once tfiese hurdles are cleared, die next goal will 
present in areas of damage, for example after wound injury as in die be to achieve gene expression diat can be regulated Many important 
cardiovascular system after angioplasty, target genes, such as diat for insulin, are not expressed at the same 

Tranadudioii of non^ding cells. Although die inability of MuLV- level all die time, but respond to physiological signals vridiin die body, 
based retroviral vectors to transduce non-dbiding cells is very usefid The goal is to use regulatory sequences diat respond to die body's own 
in some simadons, for example when a toxin gene is being inserted physiological signals (so diat inserted therapeutic genes can function 
into dividing cancer cells and not into die normal non-dWiding cells die way that normal endogenous genes do) or to drugs diat can be 
(see below under 'Qinical studies'), dierc are many situations where used to control die level of gene activity. In some cases, only low levels 
one would want to insert a dierapeutic gene into nomial non-divid- of essentially unregulated expression may be beneficial (for example, 
ing cells. Many potential target cells are not actively dividing in ww, in haemophilia or adenosine deaminase (ADA) deficiency), whereas 
only certain blood cells (not the stem cell) and the cells lining die in odier cases tight regulation may be required (for example, for 
gastrointestinal tract are condnually in division. Lentiviruses (such as insulin production in diabetes). 

HiV-l) are able to infect non-dividing cells, but vectors construrted Manufacturing the vector. Although consideration of how a pharma- 
Jrom diese viruses raise concerns over safety because of die possibility ceutical company would be able to manufarture millions of doses of a 
that recombination could produce a pathogenic virus. Attempts to gene-thcrapy vector was irrelevant a decade ago, diis has now become 
transfer into murine retroviral vectors die specific signals from HIV a real issue. Retroviral vectors are biological agents: they can only be 
that allow transduction of non-dividing celb have not been success- made by living cells. Biological systems are not die easiest systems in 
fid. Recendy it has become possible to use just 22% of die HIV which to carry out good manufacturing practice (GMP) and quality 
genome (which does not include anyofdie genes that cause paUiolo- assurance/quality control (QA/QC) procedures mandated by die 
gy) in a retroviral vector^'-^^ The chances of recombination have been Food and Drug Administration (FDA), as manufocturers of vaccines 
fiirther reduced by the use of a non-HIV envelope protein. This have learned. 

hybrid system holds great promise for providing the option of trans- One of die major concerns widi retroviral vectors is the possibility 
ducing non-dividing cells in Ww in a safe manner. Anodier RNA that a replication*competent retrovirus (RCR) could arise during die 
viral system being developed is based on the human foamy virus", manufacturing process. Because retroviral vectors art produced in 
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packaging cdls that contain a padcagiiig-defective viral genome, and 
because retroviruses have a high propensity for recombinatbn. tKis 
possibtiity it ahvays present. Furthcmiore. as every mammalian cell 
contains endogenous retroviruses, additional vira] sequences could be 
incorporated into the RCR, perhaps producing a pathogenic virus. 

Another potential problem results from the ability of retroviral 
vectora to integrate randomly into host cell DNA. For example* a vec- 
tor might insert itself into a tumour suppressor gene, dicrcby incrcas* 
ing the propensity of the cell to become cancerous. The only example 
of unintentional tumour production in a retroviral gene transfer 
experiment in largr animals was published in 1992; three cases of lym- 
phoma were reported among ten rhesus monkeys whose bone mar- 
row had been destroyed by irradiation and who were then 
transplanted %vith haematopoietic stem cells that had been exposed to 
a large number of RCR as well as the experimental vector\ It was 
shown that the cancers resulted from integration of an RCR (not of 
the retroviral vector), were clonal events and develc^ed only after a 
long period (6-7 months) of rctroviraemia. 

The subject of RCR production and safety as well as of potential 
tumour production was extensively analysed in a report to the NIH 
Recombinant DNA Advisory Committee (RAC) and the FDA"*. The 
conclusion was that the current QA/QC procedures required by the 
FDA make it exceedingly unlikely that any patient could receive suffi- 
cient RCR to produce either a cetroviraemia or a malignancy. Howev- 
er, the manufacturing and testing process to ensure diis degree of 
safety is complex and expensive. 

As the goal of present research is the production of a gene therapy 
veaor that can be injected directly into the body (just like penicillin or 
insulin), additional problems must be considered. For example, 
mouse packaging cells produce retroviral vectors that are destroyed by 
human complement Although this sensitivity makes the vector parti- 
cles 'safer', it does markedly reduce their half-life in vivo and the effi- 
ciency of gene transfer. The major component of diis sensitivity arises 
from the presence of unique sugar groups on viral glycoproteins pro- 
duced in the murine packaging cells that make the viral particles sen- 
sitive to human complement. Either the vector partkJes produced in 
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mouse cells must be engineered to avoid the human complenient sys- 
tem, or the vector needs to be made in a non-murine packaging cell 
line that an provkle the viral partidcs with appropriate sugar groups 
on dieir surface. However, as mentk>ned abovci essentially all mam 
malian cells have their own endogenous retroviruses that could 
recombine with the vector to produce a new, potentially pathogenic, 
RCR; many of diese endogenous viruses are still unknown. Although 
any cell line is suspect, the use of primate or human cells as packaging 
cells raises die greatest safety concerns in this regard. Human packag 
ing cells can. however, be engineered to be very safe. For example, the 
ProPak cell line'^. which has the viral pi^^l genes on a separate DNA 
construct from the rm^gene (producing a *split' packaging cell line) as 
well as other safety features, is certainly safer dian the murine packag 
ing cell line PA317, which is used for most of die present retroviral 
vector clinical triali 

These issues are resoWable, but it will take several years of product 
development to develop a cost-effective manufacturing system that 
will produce safe, efficient gene-therapy vectors on a sufficient scale to 
aUow worldwide marketing. Although a non* viral delivery system that 
avoids many of these problems may be the gene-therapy vector of the 
future (^ discussion below under *Non-vira] vectors'), the many pre- 
sent and future clinical protocols using retroviral vectors require that 
the manufacturing issues of safety and cfHiciency be solved. 



Adenoviral vectors. The DNA virus used most widely for in situ gene 
transfer vectors is the adenovirus (specificallyserotypesZandS). Ade- 
noviral vectors have several positive attributes: they are large and can 
therefore potentially hold large DNA inserts (up to 35 kb, see below); 
they are human viruses and are able to transduce a large number of 
different human cell types at a very high efficiency (often reaching 
nearly 1 00% in vitro); they can transduce non-dividing cells; and they 
can be produced at very high litres in culture. They have been the vec- 
tor of choice for several laboratories trying to treat the pulmonary 
complications of cystic fibrosis, as well as for a variety of protocols 
attempting to treat cancer. 
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Figura 1 The protocol tor retroviral veaois. 6i, Diagram ol a nBtroviral vector The vedof pariide ts covered by a membrane (derived from the membrane of the cell from 
which the viral particle budded). Anchored in the membrane Is the envelope protein, which ts composed of two parts: the SU (surface) proiein, which in responsible tor 
binding to the reoeptor'on the tflrget celL end the TM (transmembrdne) protein, which passes through the membrane into the viral mauix and is invdved in the fusion 
slep, Beneath the virol membrane is the matrix protein and deeper stiU is Hie viral core, wNch is composed of a surrounding capsid within which are two identical 
strands ol together with the nucleocapsid protein and the viial enzyme 

replaoed bya transgene. t)^ Diagram of a recroviral vector transducing a target cel. First, the weaor particle binds to its receptor on the largrn ceN by means of itsSU 
envelope proiein. TTw partide is then internalized into the cytoplasm of the cel. encased inside an endosome. The envelope protein initiates fusion of the viral 
membrane with the endosomal membrane, causing the viol core to be released into the cytoplasm. Reverse transcription takes place within (he core, which losulis in 
ihe FNA being copied into a double strand of OTMA. The double-slrarxled viral PNA then enters the nucleus, integrates into ihe chromosomal ONA. and is transcribed. 
Because the viral genes have been replaced by a iransgene. only the protein product 
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Adenoviral vectors have certain drawbacks, however. First-gener- 
ation vecton were deleted for the early region I (El) functions in 
order to render them replication-defective. In addition, these vectors 
were deleted in the E3 region in order lo create space for the insertion 
of transgenes. The E3 region, as discussed below, fiinctions to sup- 
press the host immune response during virus infection, but is not 
required for reptiation or packaging in wm>. Vecton with El and E3 
deleted elknted strong inflammatory and immune rcspon$es'^ This is 
thought to be a consequence of leaky' expression of adenoviral pro- 
teins in the transduced cells because these lirst-generation vectors 
• retain most oftheyiralgenome.lt was hoped that a weaker immune 
response wodd result if additional viral genes were deleted. Thus 
vectors with the deletion of El coupled with the deletion of other 
essential early genes. E2a and/or E4 (refs 28, 29), or vecton with all of 
the viral genes deleted (so-called 'gutless' vectors**"^') have been con- 
structed and tested in animals There have been conflicting reports 
regarding the immunogenicity, stability of gene expression, and per- 
sistcncc in vivo of gudcss vcctors'\ In fict, these properties may differ 
depending on the exact vector design, the tissue type that the veaor is 
introduced into, and the nature of the transgcne insert. In particular, 
the gutted vectors offer the possibility of introducing up to 35 kb of 
genomic sequences, and it has been suggested that inclusion of 
nuclear matrix atUchment riegions might ^Militate bng-term gene 
expresskm and persistence of the vector sequences. 

Deleting more and more viral genes may not ahvays be advan- 
tageous because some of these genes may have beneficial attributes, 
for example suppressing an immune response against the vector 
Their removal codd increase die rate at which the vector is eliminat- 
ed As an example, the E3 region encodes a protein of relative molec- 
ular mass 1 9K that protects the virus, and presumably the engineered 
cells, from host immune surveillance^. Various effector mechanisms 
may be involved in viral vector clearance^\ In addition, ci5-acting 
sequences may exist that help maintain the stability of the adenoviral 
genome in the celL As with drug trials, results in animals (even in pri- 
mates) have not ahvays reflected what happens in patients. Vectors 
that produce inflammatory responses in primates may not do so in 
human patients, and the opposite situation is probably also likely. 
Recently, die first *truc' phase I gene therapy clinical trials have 
begun! normal volunteers have been tested with intradermal injec- 
tion (and now by intrabronchial infusion) of adenoviral vectors in 
order to determine the immunok>gicaI response to adenoviral vectors 
in human beings. 

By engineering the correct combination of viral genes (incorpo- 
rating immunosuppressive genes, perhaps from various sources, 
while deleting immune-stimulating gene products and reducing, if 
possible, the immunogenidty of viral capsid proteins), it is likely that 
adenoviral vectors can be generated diat have low toxidcy, that do not 
generate an immtme response, and that, Uierefore, can be given 
repeatedly. The btter point is important because adenoviral vectors 
do not integrate and they survive in the cell for a limited time 
(althou^ in non-dividing cells this may be for an extended period). 
The ability to administer the vector repeatedly will be critical in many 
treatment protocols, for example in those for haemophilia and cystic 
fibrosis. Although it would dearly be optimal to engineer vectors that 
do not elicit an immune response, an interim solutwn could be to 
use transient immunosuppression of the patient to allow repeated 
administration of vecton. Anodier approach is to blockade costimu- 
latory interactions required for an immune response to an antigen, 
thereby tiansiendy ^blinding* die immune system during vector 
admimstration and making repeat administration possible. 
Adeno-oasocuited viral vectors. Another DNA vims used in dinical 
trials is the adeno-associated virus (AAV). This is a non-pathogenic 
virus that is widespread in the human population (about 80% of 
humans have andbodies directed against AAV). Initial interest in this 
virus arose because it is the only known mammalian virus that shows 
preferential integration into a spedfic region in die genome (into the 
short arm of human chromosome 1 9). As the virus does not produce 
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disease, it$ insertion site appears to be a *safe' region in die genome. It 
would be MStMt therefore, to engineer (tie sequences dial dictate this 
site-specific insertion into gene-therapy vectors. Unfommately. the 
present AAV vectors appear to integrate in a nonspedfic manner* 
aldiough it has been suggested diat vectors could be designed that 
retain some specificity^'. 

Even though integration site specificity has not been achieved, 
AAV vecton have been shown to transduce brain, skeletal muscle, 
liver and possibly CD34* bbod cdls effidentJy^^. There are several 
drawbacks, however some cells require a very high multiplidty of 
infection (die number of viral partidcs per cell required to achieve 
transduaion); the AAV genome is small, only allowing room for 
about 4.6 kb of added DNA; and the production of viral partides is 
still very labour intensive because effident packaging cells have not yet 
been developed. However, diese vectors hold promise and appear to 
be safe. Furthermore, AAV may be capable of integrating into non- 
dividing cells, although again this desirable attribute of the wild-type 
virus appears to be lost from die vectors, which can enter non-divid- 
ing cells but remain in an cpisomal state until cell division occurs. 

OlhMrDMAvlnia-teMl««elar» 

Other DNA viruses are being studied as possible gene-therapy vectors 
for specific situatk>ns. For example, herpes simplex virus (HSV) vec- 
tors have a propensity for transducing cells of the nervous systcm^''^', 
as wdl as several other cell types. A $tripped-dov«i version of die HSV, 
called an amplicon, may have certain advantages, particularly when 
combined with components from other viral systems^. A number of 
odier DNA virus vectors are under study including poxviruses. 

Several investigators are examining replication-competent, or 
attenuated, viral vectors (both DNA and RNA), In addition, hybrid 
systems have been reported where an adenoviral vector is used to 
carry a retroviral vector into a cell that is normally inaccessible to 
retroviral transduction**. 

Ntol|*vlf Jjl V6CtOW 

Although viral systems are potentially very efficient, two Actors sug- 
gest that non-viral gene delivery systems will be the preferred choice 
in the future: safety, and ease of manufacturing. A totally synthetic 
gene-delivery system could be engineered to avoid the danger of pro- 
ducing recombinant virus or odier toxic effects engendered by bblog- 
ically active viral partides. Also, manufacturing a synthetic product 
should be less complex than using tissue culture cells as bioreactors, 
and QA/QC procedures should be simplified. The reader is referred to 
the review on non-viral vectors entiUed 'Drug delivery and targeting* 
by Robert Langer on pages 5-10 of diis issue. 
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At present over 300 clinical protocob have been approved. DeUiled 
information is available on the 232 protocols that had been approved 
in the USA as of 3 February 199a'' (Table 1 ). 

Only one pUaac III and several phase I] clinical trials are now 
underway; all the rest of the approved gene therapy clinical protocols 
are for smaller phase I/II trials. Genetic Therapy Inc/Novartis is ar- 
rying out the phase III dinical trial The target disease is glioblastoma 
multiforma. a malignant brain tumour^. The rationale is to insert a 
gene capable of directing cell killing into the tumour while protecting 
the normal brain cells. The retroviral vector used (GITkSvNa) con- 
tains the neomycin-resistance gene as a selective marker and the ha- 
pes simplex diymidinc kinase (HSTk) gene. The actual material 
injected into the tumour mass is a mouse producer cell line (PA317) 
which generates retroviral particles carrying tlie GtTkSvNa vector. As 
the only dividing cells in the area of a growing brain tumour are the 
tumour cells and cells of the vasculature supplying blood to the 
tumour, and retroviral vectors only transduce dividing cells, the only 
ceUs to receive the vector should be the celk of the tumour and its 
blood vessels. The viral HSTk an add a phosphate group to a non- 
phosphorylated nucleoside, whereas the endogenous human thymi- 
dine kinase cannot Therefore, when an abnormal nucleoside, such as 
the drug ganciclovir, is given to the patient, only die cells expressing 
the HSTk gene will phosphorylate the drug, incorporate it into their 
DNA synthesis machinery and be killed. 

In the current phase HI clinical trial, mouse producer cells making 
vector particles carrying the HSTk gene are inoculated into residual 
tumour and peritumour areas following tumour resection. After 7 
days, the patient b treated with ganciclovir*'. In theory, the tumour 
cells that have been transduced with die vector containing the HSTk 
gene will phosphorylate ganciclovir; the ganciclovir diphosphate then 
blocks the DNA synthesis machinery and kills die ceKs. 

In hcu at lea$t four distinct mechanisms contribute to nimour cell 
death in this protocol First is the direct effect of phosphorylated gan- 
ciclovir on the transduced tumour cells; second is the 'bystander* 
effect in which toxic agents (ganciclovir triphosphate) pass into neigh- 
bouring cells through gap junctions and kill them; third» is the local 
inflammatory effect caused by the injected mouse cell^ and fourth is a 
systemic immune response. The phase III trial includes a total of more 
than 40 centres in North America and Europe and is scheduled to 
enrol a total of 250 patients. By the end of December 1997 over 200 
patients had been enrolled. 

Several phase II trials are underway testing gene-dierapy vectors as 
Vaccines', either against cancer* or against AIDS^. Vical has two 
active phase II trials using a plasmid containing die gene for the HLA- 
B7/9}>micioglobulin protein formulated with cationic lipidi One 
trial is for metastatic malignant melanoma and the other for head and 
neck squamous cell carcinoma. The concept is that an HLA gene 
(such as B7) that the tumour does not express is injected into the 
tumour mass and that expression of this foreign antigen should stim- 
ulate the immune system to react against the cancer. The data so far 
suggest that the immune system not only develops a response against 
the B7 antigen but also to other antigens on the tumour cells, diereby 
resulting in an immune attack on non-transduced tumour cells". Via- 
gen/Chiron has completed a phase II trial of about 200 patients over 2 
years in which a retroviral veaor encoding the env and rev gene seg> 
ments of the H!V-1(IIIB) strain is injected intramuscularly to induce 
augmented anti-HIV cytotoxic T-cell responses as a treatment for 
AIDS. Unfortunately, detennination of the efficacy of this treatment 
was made impossible by the advent of triple drug therapy for HIV 
infection, but no evidence of toxicity was seen. 

Finally, a comment on the original adenosine deaminase (ADA) 
deficiency gene-therapy trial'^'. ADA defidency is a rare genetic disor- 
der thai produces severe immunodeficiency in children. Starting in 
1990, gene-corrected autologous T lymphocytes were given to two 
girls suffering from this disease. Both girls are doing well and continue 
to lead essentially normal Ih^s. Patient 1 (A.D.) received a total of 1 1 



infusions, the last being in die summer of 1992. Her total T-cell level 
and her level of transduced T cells have remained essentially constant 
(or die past S7i years. She contracted chickcnpox in late 1996 and 
experienced the same dinical course as would have been expected for 
any normal 10-year-old. Bod) she and padent 2 (C.C.) continue to 
receive polyediyiene glycol (PEG)-ADA. Aldiough both girls have 
gene-engineered T lymphocytes in their circulation after more than 7 
years, no definitive conclusion can be drawn as to the relative roles of 
PEG- ADA and gene therapy in their excellent clinical course. 

ElMeallstueft 

Somatic cell gene therapy for the treatment of serious disease is now 
accepted as ethically appropriate. Indeed, it is so well accepted, and the 
side effects from gene-therapy protocols have been so minimal, that 
die danger now exists that genetic engineering may be used for non- 
disease conditions, that in for functional enhancement or 'cosmetic* 
purposes. The fiist Gene Therapy. Policy Conference organized by the 
NIH RAG focused on this issue in September 1997. The conclusion 
was that enhancement engineering is about to take place, and could 
slip dirough the regulatory process if RAG and the FDA (and similar 
organizations in other countries) arc not vigilant As an example, a US 
biotechnology company has developed the technology for transferring 
genes (specifically the tyrosinase gene) into hair follide ceils"'. They 
are now looking for genes that promote hair growth with the clinical 
objective of reversing die hair toss diat oaurs af^er chemodierapy in 
cancer patients. The application to the FDA for product licensing 
would list chemotherapy-induced alopecia as the product indication. 
The risk-benefit analysis here would be very favourable. However, 
once a product is licensed for any indtation. it can be prescribed by 
physicians for any 'off-label' use diat is felt by the physician to be clini- 
cally justified. The result could be millions of balding men receiving 
gene dierapy to treat dieir hair loss. The conference concluded diat the 
FDA should use a risk-benefit analysis that ukes into account the 
extensive off-labd usage for cosmetic reasons that could take place. 

Using geneuc engineering to treat baldness is not a major issue in 
itself, of course. But thi.s is just one example of how our society is 
moving towards a slippery slope where genetic engineering might 
very well be used for a broad range of enhancement purposes, includ- 
ing larger size from a growth hormone gene, increased muscle mass 
firom a dysU'ophin gene and so on. If we knew that there would be no 
long-term negative effects of genetic engineering, then widespread, or 
even frivolous, use of genetic engineering technology might not be 
detrimenul But just as with nuclear energy, pesticides and iluorocar- 
boRS> we as a society tend to see the bene^ts but are caught off guard 
by die bad effects of our powerful new technologies. What society 
wants to do 100 years from now with regards to genetic engineering is 
their business, but it is our duty to begin the era of genetic engineering 
in as responsible a manner as possible. Until we have learned about 
the long-term effects of somatic cell gene therapy in the treatment of 
disease, we should not use this technology for any other purpose than 
where it is medically indicated^\ 

In utero somatic gene therapy of the fetus will be undertaken in the 
foreseeable future. The same care should be exercised here as with 
somatic ceQ gene-dierapy protocob for adults, children and new- 
boms. So bng as only serious disease is targeted and the risk-benefit 
ratios for both modier and die fetus are acceptable, in utero gene ther- 
apy should be ediically appropriate'*. Germline gene therapy should 
not be attempted at this time for the reasons outlined elsewhere**. 

A simation with the potential for real abuse of die new technolo- 
gies would be the combination of cloning and genetic engineering. 
This combination has already been achieved in sheep where single 
cells have been obtained from fetal fibroblasts, transduced widi a gene 
(human Victor IX), and the gene-engineered cells grown into living 
sheep producing human factor IX^. Attempts to use such techniques 
to produce genetically engineered humans would provoke an even 
greater ediical storm than die present suggestion by a Ghicago scien- 
tist to done humans. 
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TlMfiftura 

The ultimate goal of gcnc-therapy research is the development of vec- 
ton that can be in/ected, wiU target specific celk. will result in safe and 
effident gene transfer into a high percentage of those cells, will imert 
themsehes into appropriate regions of the genome (or will persist as 
subic episomcs). will be regulated either by administered agents or by 
the body's own physiological signals, will be cost-effective to manufac- 
ture and will cure disease. As the number of target cdls may be in the 
billions, very high effidency of gene transfer and the injection of a 
large number of gene-iherapy vectors may be necessary. How soon 
can we expect significant progress in each of these areas? 

The next 5 years should bring the first successes for gene therapy, 
that means staU'stically significant data that a gene-therapy protocol 
results in significant improvement in the dinical condition of patients. 
Within this time frame the first vectors that can target specific tissues 
should begin dinical trials and tissue-specific gene expression should 
have made its way into clinical trials. 

In a time frame of S-15 years from now. I expect rfiat the number 
ofgcne-therapyproducts will begin to increase exponentially, coincid- 
ing with the enormous increase in characterized genes as a lesull of 
the Human Genome Project. The first injectable vectow will reach 
dmical trials and effident tissue-specific gene transfer will be available 
m a few cases. It will probably take longer to develc^ site-specific inte- 
gration, efficiently regulated genes and the correction of genes in situ 
by means of homologous recombination. Beyond this, our imagina- 
tion is the limit 

For many genc-therapy applications in the future, it is probable 
that a synthetic hybrid system will be used that incorporates engi- 
neered viral components for target-specific binding and core entry, 
immunosuppressive genes from various viruses and some mechanism 
that allows site-specific integration, perhaps utilizing AAV sequences 
or an engineered retroviral integrase protein. In addition, regulatory 
sequences from the target cell itsdf will be utilized to allow physiologi- 
cal control of expression of the inserted genes. Ail these components 
would be assembled in vitro in a liposome-likc formulation with addi- 
tional measures taken to reduce immunogenidty such as concealment 
by PEG. 
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Gene therapy is a powerfiil new technology that siill requires several 
years before it will make a noticeable impact on the treatment of dis- 
ease. Several major defidendcs still exist induding poor ddivery sys- 
tems, both viraJ and non-viral, and poor gene expression after genes 
are delivered The reason for the low effidency of gene transfer and 
expression in human patients is that wc still lack a basic understand- 
ing of how vectors should be constructed, what regulatory sequences 
are appropriate for which cdl types, how in vivo immune defences can 
be overcome, and how to manufacture efficiently the vectors that we 
do make. It is not surprising that we have not yet had notable dinical 
successes. Nonetheless, the lessons we are learning in the dinic are 
mvaluable in illuminating the problems that future research must 
soKr, 

Despite our present lack of knowledge, gene therapy will almost 
certainly revolutionize the practice of medicine over the next 25 years. 
In every fidd of medicine, the ability to give the patient therapeutic 
genes offers extraordinary opportunities to treat, cure and ultimatdy 
prevent a vast range of diseases that now plague mankind. □ 

W.Fnnck Anderson is at the (kneTherapylMboratories. University o/<Uf^^ 
California Schm?! of Medicine. Norris Ca»cer Center, 1441 Bustlake Avenue, Los 
Angeles, Caiiforniu 900}}-0800, USA. 
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Gene therapy - 
promises, problems 
and prospects 



Inder M. Verms and NIkunJ Somla 



In princliite, 0ene ther«py Is simple: putting corrsetivs genetic msterlsl 
Into cells aOevlatss the symptoms ef disease. In practice, considerable 
obstacles have emerged. But^ thanks to better delhrery systems, there 
Is hope that the technique ivlll succeed. 



In 1990, the first clinical trials for gene- 
therapy approaches to combat disease 
were carried out. Conceptually, the tech- 
nique involves identifying appropriate DMA 
sequences and cell types, then developing 
suitable ' ways in which to get enough of 
the DMA into these cells. With efficient deliv- 
ery, the therapeutic prospects range from 
tackling genedc diseases and slowing the 
progression of tumours, to fighdng viral 
infections and stopping neurodegenerative 
diseases. But the problems — such as the lack 
of efifidentdelivay systems, lackofsustained 
expression» and host immune reactions — 
remainformidablechailenges. _ I 

Although more than 200 clinic^ 
are currently underway woilj^c 
hundreds of patients enrolled, thei^^^lno 
single outcome that we c|]|pdh]t tc \s a suc- 
cess story. To explore why tbja^ the case, wc 
will use our own exppri^ndb atid other exam- 
ples to look at t^ technicaii logistical 
and, in some c^k, Miceptual hurdles that 
need to 'Ig'W^ome before gene therapy 
t|tmpractice in medidne. 
lent, gene dierapy is being 
>lated only on somatic (essentially, 
ndn-reproductive) cells. Although many 
somatic tissues can receive therapeutic 
DNA, the choice of cell usually depends on 
the nature of the disease. Sometimes a clear 
definition of the target cell is needed For 
example, the gene that is defective in cystic 
fibrosis has been identified, and clinical 
trials to deliver DNA as an aerosol into the 
lung have already begun^ Although cystic 
fihrot it i s manifesUnihisorgan , iti &s t i l l- no t- 



status, accessibility and economics. 

Wealso need to consider how muchof 
therapeutic protein should be deli^ei^ln 
haemophilia B, which is caused ^y 
cy of a blood-dotting protein ^K^^tor 
IX, giving patients just S^pf^e^i^ cir- 
culadng levels of thisij^ro^iR^«;jm substan* 
tialiy improve their quaH'^of life'. Most peo- 
ple have about 5 ifigWIactBr IX per millilitre 
of plasma, p|oduiEedN)y the 10'* cells that 
we need to deliyer a 
corre^Jeplto 5 X 10" cdis — that is, 
5%tApier ceils. Alternatively, fewer liver 
p^s%ould need to be modified if more £ic- 
' *\ tJ#IX could be produced per cell, without 
^^^^'^i&ing ddeterious. In the brain, however, 
pth-^ gene transfer to just a few hundred cells 



could conttderabty benefit patients with 
neurological disease. And finally, we an 
consider the transfer of genes to a handful of 
stem (or progenitor) cdls, which grow and 
divide to generate millions of progeny. The 
range in the number of cdls tiia t this technol - 
ogy has to cover is vast. ,;t=4 
The Achilles heel of gene therapyjj^;eiii 
delivery, and this is die aspect ^a^v^'^^ 
concentrate on here. Thus far, |he^Qb£bn 
has been an inability to d^jive^ fj^es effi- 
ciently and to obtain ttistain^expression. 
There are two catego|ie^f delivery vehide 
(Vector*). Thf firafemjpriscs the non-viral 
vectors, ran^l^^ from direct injection of 
DNA to qu^g the'jbNA witii polylysine or 
cationk^%li§s that allow the gene to cross 
th^^^^dtlbrane. Most of these approaches 
;.^fearffrom poor cffidency of delivery and 
L trqp^nt expression of the gene^ Although 
, ^ there are reagents that increase the efficiency 
of delivery, transient expression of the 
transgene is a conceptual hurdle that needs 
to be addressed. 

Most of the current gene-therapy 
approaches make use of the second category 
— viral vecton. Importandy, the viruses 
used have all been disabled of any pathogenic 
effects. The use of viruses is a powerful tech- 
nique, because many of them have evolved a 
specific machinery to deliver DNA to cells. 
However, humans have an immune system 
to fight off die virus, and our attempts to 
deliver genes in viral vectors have been 
confronted by these host responses. ► 




clear that delivery of a correcting gene by 
diis mediod will reach the right type of cell. 
On the other hand, to correct Uoodrdot- 
ting disorders such as haemophilia, all that 
is needed is a therapeutic levd of clotting 
protein in the plasraal This protein may be 
supplied by muscle or liver cells, fibroblasts, 
orcvcn blood cclh^^ The choice of tissue in 
which to express the therapeutic protein 
will also ultimately depend on considera- 
tions such as the efficiency of gene deliv- 
ery, protein modifications, inmiunological 
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Figure I To create the retroviral vectors that are lued In gene therapy, the lifccydes of their 
naturally occarriag cottntcrputs aft csqiloited. a. The tnnsgenc (fai this case, the gene for foclor tX) 
hi a vector beckbone Is put into a packaging cell, whidi expresses die genes that are tcqnired for vlial 
Integration (^ag, Roland env). b, Hie traiugcne h incorporated faito the nudenSb where it ii 
transcribed to mdke vector RNA. This is then padcaged into the retroviral vector* which is shed from 
(he padcaging cdL c. The vector is delivered to the tatget cell by infection. The membrane of the vird 
vector hues with the (aigctceU, allowing the vector RNA to enter, d. The viraily encoded enxyme 
reverse transcriptase converts the vector RNA into an RNA-0NA h>brid, and then into double- 
stranded DNA. t, The vector DNA is integrated uito the host genome, then the hosi-ceU machinery 
wiO transcribe and translate it to make RNA and, in this oae, factor IX protein. 
LTK. long terminal repeat; packagfaig scqnencc. 
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IMrQvlrailv«elmi 

Retrovinises are a group of ririues whose 
RNA genome is converted to DNA in the 
infected cdL The genome comprises three 
genes termed gag, pol and e/iv, which are 
flanked by elements called long terminal 
repeats (ITRs). These arc required for inte- 
gration into thehostgenome, and they define 
the beginning and end of die viral genome. 
The ITRs also serve as enhancer-promoter 
sequences — that is, they control expression 
of the viral genes. Hie final element of die 
genome, called die padaging sequence (ij/), 
allowstheviralRNAtobedistinguishedf^om 
other RNAs in diecell (Fig. \)\ 

By manipulating the viral genome, viral 
genes can be replaced with U-ansgcncs — such 
as die gene for fector IX (Uible 1). TVan- 
scription of the transgene may be under 
die control of viral LTRs or, alternatively, 
enhancer-promoter elements can be engi- 
neered in widi the transgene. The chimaeric 
genome is then introduad into a packaging 
cell, which produces all of the viral protons 
(such as the products of die gag^ pol and eiw 
genes), but these have been separated from 
the LTRs and die packaging sequence. So, 
only the chimaeric viral genomes are assem- 
bled to generate a retroviral vector. The cul- 
ture medium In which tfiese packaging cells 
have been grown is then applied to the target 
cells, resulting in transfer of the transgene. ^ 
Typically, a million target cells on a cultm 
dish can be infected wi£ one miUili tr^f & 
viralsoup. ^ 

A aitical limiudon of retrovii'^^tors 
is their inability to infect noji^vidii^ce^s*, 
such as diose diat make^|i,jA^scle, brain, 
lung and liver tissue^^ wKen* possible, die 
ceils from the t^'bt^^sue are removed, 



grown in vim% and infected with die recom- 
binant retroviral vector. The Urget cells pro- 
ducing die foreign protein arc dien trans- 
planted back into the a/iimal. Hiis procedure 
has been termed 'cc vivo gene dierapy* and 
our group has used it to infect mouse pri- 
mary fibroblasts or myoblasts (connective- 
tissue and muscle precursors, respectively) 
with retroviral vectors producing the ftctor 
IX protein. But widiin five to seven days of 
transplanting die infected cells back into 
mice, expression of factor IX is shut off ^'' V 
This transcriptional shut-off has even been 
observed in mice lacking a functional 
immune system (nude mice), and it cannot 
be due to cell loss or gene deletion^ because 
the transplanted cells can be recovered 

What is die mechanism of this unexpect^ 
ed but inoiguing problem? We do not yet 
know, but die exceptions may provide ^at%S 
clues. To obtain sustained expres^tf jr) 
mouse muscle following the transf^W^rt v '' 
of infected myoUasts, we used^^mu^ae 
creatme kinase enhancer^girom^^td con- 
trol transcription of di4^i^g%|l7nfortu> 
nately, diis is a weak prorroter, and only low 
levels of proteiiyi^^e pibduced. So, we 
generated a dui»i|rid'^ vector in which die 
muscl^cMwWIptease enhancer was linked 
to a s^o^^iSoter from cytomegalovirus. 
d#V^r,5ustainedand high levels of 
^were expressed when the infected 
lasts were transplanted back into 
;mct. Remarkably, dicse expression levels 
remained unchanged for more than two 
years (the life of die animal). So we can 
override die 'off switch' rnd achieve higher 
levels of expression by using an appropriate 
enhancer-promoter combination. But the 
search for such combinations is a case 



of trial and error for a given type of cell. 

Anodier formidaUe challenge to die tx 
vivo approach is die efficiency of transplan- 
tation of die infected cells. Attempts to 
repeat die long-term myoblast transplanta- 
tion in haemophiliac dogs led to only short- 
term expression, because die infected dog 
myoblasts could not fuse widi die .pllilcl^ j 
fibres. So perhaps successful anij](|^^(^is i 
will prove inadequate when die ^[ii|p}pri^c>- 
cols are extended to hum|i||. ')^i^eover, 
diese models are based qj\ inbrel^ aninuls — 
the outbrcd human Mp^tion, widi indi- 
vidual variation, is^al^^ another degree 
of complexity^e haematopoietic (blood- 
producin^jyst%^y offer an advanUge 
for ex vji^ g^c dicrapy because resting stem 
cc!|s ';0^%**'f^'«tiraul«ted to divide in vitro 
Jrdwth fedors and the transplanta- 
t5,ti&|it&Jmologyis well established. But diere 
is still a lack of good enhancer^promoter 
combinations that allow sustained produc- 
tion of high levels of protein in these cells. 

Anodicr problem is die possibility of i 
random intimation of vector DNA into die 
hostchromosom& This could lead to activa- 
tion of oncogenes or inactivation of tumour- 
suppressor genes. Aidiough die theoretical 
probability of such aneventisquite low, itis of 
someconcem (seesection on dinical trials). 
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Lonthrlral Victor* 

Antiviruses also belong to the rctxovunis 
family, but diey can infect bodi dividing 
and non-dividing cells'^. The best-known 
lentivirus is die human immunodeficiency 
virus (HIV), which has been disabled ?.nd 
developed as a vector for in vivo gene 
delivery. Like die simple reuoviruses, HIV 
has die three gag, pol and mv genes, but it 
also carries genes for six accessory proteins 
termed tat, rev, vpr.vpu^ n</and vi/". 

Usuig die retrovirus vectors as a model, 
lentivirus vectors have been made, widi the 
transgene enclosed between die ITRs and a 
packaging sequence". Some of die accessory 
proteins can be eliminated widiout afiecting 
production of die vector or efficiency of 
infection. The env gene product would 
restrict HiV-based vectors to infecting only 
cells diat express a protein called CD4^ so, in 
the vectors, diis gene is substittited with env 
sequences from other RNA viruses that have 
a broader infection spectrum (such as glyco- 
protflin from the vcaicakr stomatitis v irus). 
These vectors can be produced — albeit on a 
small scale at die moment — at concentra- 
tions of > 10* virus parddes per ml (ref. 12). 

When lentivirus vectors arc injected mto 
rodent brain, liver, muscle, eye or pancrea- 
tic-islet cells, they give sustained expression 
for over six mondis — the longest time test- 
ed so far"''*. Unlike die prototypical retrovi- 
ral vectors, the expression is not subject to 
*shut off*. Litde is known about the possible 
immuneproblems associated with lentiviral 
vectors, but injection of 10' uifectious units 
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does not didt the ccUuUr immune response 
at the lite of injection. Furthermore, there 
seems to be no potent antibody response. 
So, at present, lentivinl vectors seem to offer 
an excellent opportunity for in vivo gene 
delivery with sustained expression. 

Adenoviral vectors 

The adenoviruses arc a family of DNA virus- 
es that can infect both dividing and non- 
dividing cells, causing benign respiratory- 
tract infections in humans* K Their genomes 
contam over a dozen genes, and they do not 
usually integrate into the host DNA. histead, 
they are replicated as episomal (extrachro- 
mosomai) elements in the nucleus of the 
host cell. Replication-deficient adenovirus 
vectors can be generated by replacing die El 
gene — which is essential for viral replica- 
tion — widi the gene of interest (for exam- 
ple, that for £ictor IX) and an enhancer-pro- 
moter elemenL The recombinant vectors are 
then replicated in cells that express the prod- 
ucts of the El gene, and they can be generat- 
ed in very hi^ concentrations (>10"-10" 
adenovirus particles per ml)'^ 

Cells infected with recombinant adeno- 
vims can express the therapeutic gene but, 
because essential genes for viral replication 
are deleted, the vector should not replicate. 
These vectors can infiea cells in vivo^ causing 
them to express very high levels of die trans- 
gene. Unfortunately, this expression lasts for | 
only a short time (5-10 days post-^n^i^d^|^^^; 
In contrast to the retroviral ve^rs^j^W^/ 
term expression can be jchiel^^^ the 
recombinant adenoviral^yee&fs intro- 
duced into nude mice, ^4pr,Jnfo mice that 
are given bodi th^^^enoVtral vector and 
immunasuppre^iii|%nts*^ This indicates 
that the iinmu^^ysram is behind the short- 
term ex|^|oi^mat is usually obtained 
from a^^^i^jM vectors. 

lyy^shune reaction is potent, eliciting 
be cell-killing cellular' response and 
b antibody-produdng *htmioral' response. 
In the cellular response, virally infected cells 
arekilledbycytotoxicTiymphocytes'*^".The 
humoral response results ui die generation 
of antibodies to adenoviral proteins, and it 
will prevent any subsequent infection if the 
aiumal is given a second ii^ection of die 
recombinant adenovirus. Unfortunately for 
gene dierapy, most of the human population 




dier widi the generation of 'j 
— all of die viral genes 
only the dements dial ^ 
and the end of die geMme, and die vural 
packaging seque^d^lhe Cransgenes carried 
by these vir ums^ic expressed for 84 days'*. 

Tl^er^^e^^iderable immunological 
problen^^'^e overcome before adenoviral 
Y^cpr^s^ oe used to deliver genes and pro- 
juc^ustained expression. The incoming 
a^aioviral proteins that package DNA can 
'Be transported to the cytoplasm where they 
are processed and presented on the cell sur- 
face, tagging the cdl as infected for destmc- 
tion by cytotoxic T cells. So adenoviral vec> 
tors are extremely useful if expression of the 
transgene is required foir short periods of 
time. One promising approach is to deliver 
large numbiersof adenoviral vectors contain- 
ing genes for enzymes that can activate cell 
killing, or immtmomodulatory genes, to 
cancer cells. In diis case, the cellular immune 
response against the viral proteins will 
augment tumour killing. Finally, although 
immimosuppressive drugs can extend the 
duration of expression, our goal should be to 
manipulate die vector and not the patient. 

Adeno-assoclatod viral vectore 

A relative newcomer to the fidd, adeno-asso- 
ciated virus (AAV) is a simple, non-patho- 
genic, single-stranded DNA virus. Its two 



datly''^ into human chromosome 19. lb pro- 
duce an AAV vector, the r;i;p and capgenes are 
replaced widi a transgene. Up to 10"-10" 
viral partides can be produced per mi, but 
only one in 100-1,000 particles is infectious. 
Moreover, preparation of the vector is labori- 
ous and, due to the toxic nature of the r^gene 
product and some of the adenoviral helper 
proteins, we currendy have no packaging 
cells in which dl of the proteins can be stably 
provided. Vector preparations must also be 
carefully separated from any contaminating 
adenovirus, and AAV vectors can accommo- 
date only 3.5-4.0ldIobases of foreign DNA — 
diis will exdude larger genes. Finally, we need 
more information about the immunogeni- 
dty of the viral protems, espedaily given dut 
80% of the adult population have ciiculating 
antibodies to AAV. These considerations 
notwidistanding, AAV vectors containing 
human factor IX complementary DNA have 
been used to uifect liver and musde cdls 
in immunocoiiipetent mice. The mice 
produced therapeutic amounts of factor IX 
protein in their blood lor over six months"*?, 
confirming the promise of AAV as an in vivo 
gene-dierapy vector. 

OtheriNictors 

Among the odier viruses being considered 
anddevdoped,isherpessimplexvirus, which 
infects cells of dienervous system". The virus 
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from previous infection with die naturally 
occurring virus. 

It is possible diat die target cdl contains 
factors diat might trigger the synthesis of 
adenoviral proteins, leading to an immune 
response. To try to get around this problem, 
second-generatbn adenovird vectors were 
devdoped, in which additional genes diat are 
implicated in vird replication were ddetcd 
These vectors showed longer-term expres- 
sion, but a decline after 20-40 days was still 
apparent". This idea has now been taken fur- 



inverted terminal rq>eats diat define die 
beginning and die end of die virus, and con- 
tain die packaging sequence . The cap gene 
encodes viral capsid (coat) proteins, and the 
rep gene product is involved in viral replica- 
tion and integration. AAV needs addidonal 
genes to replicate, and diese are provided by 
a helper virus (usuaUy adenovirus or herpes 
simplex virus). 

The virus can infect a variety of cdl types, 
and— in die presence of the r^genc product 
— the viral DNA can integrate preferen- 



(/E3) can be replaced to create the vector. 
Around lO'-lO* viral partides are produced 
per ml, but the residual proteins are toxic to 
die target cdl Additional genes can be delet- 
ed, allowing more dian one transgene to be 
included But if essentially all of the viral 
proteins are deleted (gut-less vectors), only 
around lO'^ viral partides are produced per 
ml. And, again, many people have an immu- 
nity to components of herpes simplex virus, 
having ahcady been infected at some time. 
Vaccinia-virus-based vectors have also 
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been explored, largely for generating vac- 
cines". Ihe Sindbis and Semiiki Forest virus 
is being exploited as a possible cytoplasmic 
vector" which does not integrate into the 
nudeus. Aldiough most of these systems 
produce the foreign protein only transiently, 
diey add diversity to the available systems of 
gene transfer (Table!). 

Over half of the 200 dinical trials that have 
been bunched in the United States involve 
therapeutic approaches to cancer. Nearly 30 
of them involve correction of monogenic 
diseases (Table 1) such as cystic fibrosis, a,- 
antitrypsin deficiency and severe combined 
immunodeficiency (SCID). Most of the 
trials are phase I (safety) studies and, by and 
large, the existing delivery systems have no 
major toxicity problems. Moreover, lessons 
can be learned from previous clinical 
trials^. For example, seven years ago two 
patients were enrolled in a trial to correct 
defidendes in adenosine deaminase (ADA, 
which leads to severe immunodeficiency). 
One of the patients improved, and makes 
25% of normal ADA in her T cells, live years 
after the last infusion of infected T cells 
(although she is still treated widi PEG-ADA; 
bovine adenosine deaminase mixed with 
polyethylene glycol). But in die other 
patient, the infected T cells could not 



procedures for infection and transplantation, 
and die protocols for monitoring patients and 
analysing data. The disappointing outcome 
probably lies in the ineffident gene-^divery 
system. We need a system in which die vector 
— containing the ADA gene ~ is cflSdently 
delivered to progenitor ceils, leading to sus- 
tained expression of hjgh levds of the ADA 
protein. But» encouiaginglyi despite being 
repeatedly ii^ected with higMy concentrated 
recombinant viruses, the patients have 
suffeiedno untowaideffects to date. 

Futur* prospects 

We now need a renewed emphasis on the 
basic sdence behind gene therapy — 
particularly die three intertwined fidds of 
vecton, immunology and cell biology. 

All ofthe available viral vectors arose from, 
understanding die basic biobgy of die stru^J = 
ture and replication of viruses. Clearly, pd$]d|fg»^-i 
vectors need to be streamlined fur^hCT.^1bgiv^ 
on page 241), and vectors diat t|i|^1|^ific 
types of cdl are bdng d^^^^cie^ of 
antibody fragments, lig^Klir &!cdl-spedfic 
receptors, or chemical iMciifications to the 
vector need to be oplojed systematically. And 
advances such^si^^r^rt — published only 
last weei^4j- oftethrcc-dimem^ struc- 
ture of th^lri^^pfotein from mouse leukaemia 
tl^pnimonly used vector), will facilitate 
^gn of targeted vectors. A better under- 



produce enough of the deficient enzyme. . . |^st^Mng of gene transaipdon will allow us to 
The efficacy of g^e dierapy cannot lOl|^d&ign regulatory dements that permit pro- 
evaluated until patients are compli^^/^^ "^moter activity to be modulated, and devdop- 
ofiFalternative treatments (in die abS^^ani- ment of tissue-spedfic enhancer-promoter 
pie, PEG-ADA), In anothei'Imlf, waning a 



patient away from PEG-^.^i^^ /educed the 
ability of theTcelk tO|e$^ndfnviVn>toa chal- 
lenge by paUioge^^; ^ cases the 
retroviral vectc«3|1^' not optimal, and die 
number6^%tip ilood-progenitor cdls was 
extremdv^w. j^wever, these trials didhdp to 
i^tai^ipt^^' technology for generating dini- 
recombinant retroviral partides, the 



dements should be vigorously puisued Final- 
ly, we need to begin merging someof the quali- 
ties of viral vectors with non-viral vectors, 
to generate a safe and efficient gene-delivery 

system. 

With respect to immunology, viruses still 
have many secrets to be unravelled. Viral 
systems that have evolved to escape immune 
survdilance can be incorporated into viral 




vectors. Some of these are being character- 
izcd; for example, die adenoviral E3 protein 
die herpes simplex ICP47 protein and die 
cytomegalovirus USll protein^. Systems 
from other padiogens may also be borrowed 
and incorporated into vectors. In some cases, 
die correcting protein will be sensed , :aji 
fbrdgn» didting an immune respd 
Ammal models should hdp us tp^ni^l^r- 
stand this and, where necessaryitbld^veiop 
Strategies for tolerance. .-^^ 

Cdl biology is involv^ becatbse, in many 
cases, the goal of ^ene merapy is to correct 
differentiated cells.^d|:^epithelial cells in 
cystic fibrosis^iii||d lymphoid cells in ADA 
defidencyt,JhIow^errbecause these cells are 
continjLf0^6ly|rq>laced there has to be eidier 
coijitiQ^cl therapy or an attempt to target the 
.^ulp^i We first need to develop furdier 
L tnb^nologies frir identifyingand isolating 
Ihese cells, to understand their regulation, 
and to target infection to them in vivo. 

So how for have we come since dinical 
trials began? The promises are still great, and 
the problems have been identified (and they 
are surmountable). But whatof the prospects? 
Our view is diat, in the not too distant future, 
gene therapy will become as routine a 
practice as heart transplants are today. □ 
Inder M. Verma and Nikunj Somia are in the 
Laboratory of Genetics, The Salk Institute for 
Biologicd Studies, UJoik, Califomia 92037, USA, 



I. C>yfiil,ILC.StteK»170,4(M^IO(lffS|. 

3. Scri«ci;C ILS.. Bcaudd, A. U Slf, W. S. It Vadc, D. V. The 

»4aMkB»Mt dflnturiudDiumt (MoOnw-Hill. Km \bifc. 

I9H). 

Aad. Sti USA 89, IM92-IOI95 (1992). 

I. Kay, M. ^ c« ttL Stienu U% 1 17-1 19 (1993). 

5. StUtw.0.liVami.l.M.PhK:lfaWila^SciUMlS, 
3150-3154 (I9M),. 

7. Wniii. I. M Sd Anu U3. 68-72 (1990). 

S. Milltf.aG,Aii«n,M.A.acMaicr.A.O.MCcABU.llK 

4239^242 (1990). 
9. Mmcr. T. tX. Rouium G. ?.. OiboriM. K R. & Mitter, A. P. 

hw: ihHAmtl. SeiVSAUy 1330-1334 (1991). 
la P.. Heofd, M. & EmmuD, M. EMBO!. 1 1, 3QS3-30S1I 

(1992). 

I I. KcU, L N., Knipe, a M. ft Hbiwky. K M. (fds) Vwology 
(MppioRrtt-RtMo, Pbbilrl^-i, Wi, 1996). 

lLN«lifiiii. L ritLSckna 271, 2U-267 (1996). 

13. Miyoibt. H.. T«k»lu«lB. M.. G«(c, EH.* Vcrroa. I. M. Proc 
hhilAauL Sd (/.M94. 10319-10323 (1997). 

14. UOincr, U. ttnl /. Vttd, 71, 664 1-6649 ( 1997). 

15. Teh. P. & PcmcauJct. M. M.SEV /. 1 1, 6 13-623 ( 1 997). 

16. Dai, Y. et»t. frae. HaHAead. StL USit 92. 1401-I40S (1995). 
I7.1ki^ Y.« Ecll, K. C a Wafaa, I. M. AiNinini^ 1. 43>-442 (1994); 
t*.EoBcaHnfc. ). R. Y<. X.. Dortnt, ft. & WUmmi. |. M. P>pc UatI 

Ami Sti tJSA 91. 619«~«200 (1994). 
19. ChcD. iLH.aaL Pm, NuttAni Sci USA 94. 1645-1630 
(1997). 

70. Mu^yccb. N. Cwr. TpfK MufMaL Imitwiul. ISt, 97-127 
(1992). 

2I.Sayd(r,ltO. rfl. MrturttMiut 16. 370-276(1997). 
23.HawB. X. W. tff cL hoc. NMlAeU SdUSAH, SKM-SMN 
(1997). 

23. Fiak. D. U DeLiica, N. A., Goio*, W. F. & GloaoM, I C 
Annu. Bet. NeuroKL 19, 265-287 (1996). 

24. MOU. B. Prcc MAad, ScL USA 93. 1 1341-1 1.Mff (1996). 
2S.6er|luod. P. BiMtthn9lo$f{m H* 916-920(1993). 

26. BUoi. R. M. dsL .frima 2711k 475-4n (199$). 

27. Rordviua. C et al Sdence 27B, 47IM75 ( 1995). 
2ll.lbh(i, n B. cf st NatureMtit. 1. 1017-1023 (1995). 

29. Flu. D. rf a/. SciatU 277. 1662-1665 ( 1997). 

30. WicfO. C. ). ttaL CeUU, 769-779 (1996) 



242 



Malum e Msemillan Piiblislitra Lid 1907 



NATURE I VOL JR9| ) 8 SEPTEMBER 1997 



Gene Therapy. (2000) 7, 2-8 

O 2000 Macmillan Pubfehers IM Alt rights reserved 0969-71 28/00 $15.00 

www.nature.conVgt 

MILLENNIUM REVIEW 

Cancer gene therapy: hard lessons and new courses 

RG Vile^ SJ Russeir and NR Lemoine^ 

^Molecular Medicine Program, Guggenheim 18, Mayo Clinic, 200 First Street SW, Rochester, Minnesota 55905, USA: and ^ICRF 
Molecular Oncology Unit, Department of Cancer Medicine, Imperial College School of Medicine, London, UK 

V 



Gene therapy for ttie treatment of cancer was initiated witfi 
tiigt) levels of optimism and enthusiasm. Recently, this per- 
ception has had to be tempered by the realisation that 
efficiency and accuracy of gene delivery remain the most 
significant barriers to its success. So far, there has been a 
disappointing inability to reach target celis with sufficient 
efficacy to generate high enough levels of direct killing and 
this has necessitated the invocation of bystander effects in 
order for any potential strategy to be convincing. At least in 
the foreseeable future, clinical advance will come from co- 
operation with other more established disciplines - such as 
chemotherapy, radiotherapy and immunotherapy. This is 



inevitable - and necessary - in order to prove that gene 
therapy can have efficacy as pan of a combinatorial therapy, 
before hoping to move clinical mountains alone. In addition, 
there will have to be a thorough understanding of the clinical 
situations in which gene therapy will be used in order both 
to understand its own limitations, and to exploit its full poten- 
tial. This will enable it to find the appropriate clinical niche 
in which its abilities will be optimally useful. Finally, anyone 
wishing to practise clinical cancer gene therapy will rapidly 
have to learn the ways of the free market and be able to 
juggle commercial necessities with ideological purity. Gene 
Therapy (2000) 7, 2-8. 
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Introduction 

The field of gene therapy for cancer now has the luxury 
(or some may even say the curse) of clinical trial data to 
assess the efficacy of both the genes and the vectors 
which have dominated the field through its infancy. 
On balance, these data suggest that the problems which 
gene therapy for cancer will take into the new millen- 
nium focus far less on the choice of the therapeutic 
gene(s) to be used thaii on the means of delivering them. 
There is already a battery of genes that we know are very 
effective in killing cells, if they can but be expressed at 
the right site and at appropriate levels. None the less, 
until the perfectly targeted vector is developed/ the 
choice of gene will remain crucially important in order 
to compensate for the deficiencies of the vectors which 
we currently have available (Figure 1).* 

Genes 

There is still no clear consensus on which tumour-clear- 
ing approach should be adopted using gene transfer. 
Intuitively, it would seem that simple eradication of cells 

is likely to be the best, and safest- The self-renewing nat- 
ure of malignant disease dictates that tumour cells should 
be cleared as efficiently as possible rather than genetically 
corrected. Thus, the most frequently used genes have 
been those designed to kill cells directly - such as suicide 
genes^ - or to induce immune-mediated destruction - 
such as immunogenic antigens or cytokines. 
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None the less, several groups have had success using 
genetic therapies to turn the aberrant biology of tumour 
cells against themselves. This has been the basis for the 
design of replicating vectors targeting genetic mutations 
specific to tumour cells (see beiow),^^ as well as for the 
delivery of genes which stand as sentinels over control 
of the cell cycle such as p53.^ Given the genetic redun- 
dancy in human tumours, especially at late stages of evol- 
ution, genetic therapies for cancer may run the risk of 
being short-circuited by the recruitment of other signals 
driving proliferation of the tumour cells. However^ if the 
genetic targeting approach uses pathways which are cen- 
tral to the continued survival of the cell it may be possible 
to induce tumour killing by triggering apoptotic effector 
mechanisms directly*^^-^ or indirectly.*^ In some cases, it 
is evident that tumour cells may actually have a parti- 
cular vulnerability to the induction of programmed cell 
death because of the loss of survival signals, for instance 
through changes in their cell adhesion properties.'^ 
Whatever its mechanisms, no single gene can be a serious 
contender unless it has a demonstrable bystander effect. 
The requirement for such a bystander effect stems 
directly from the poor delivery efficiency provided by 
current vectors (see below)/ This bystander effect can 
come in , one of two guises - either locaF or immune 
media ted ^^'^^ - and a combination of the two is prefer- 
able. The prototypical bystander killing involves the 
transfer of toxic metabolites locally between cells** but 
there naay be other mechanisms including suppression of 
angiogenesis^*'^* and a 'kiss of death' deliveredby contact 
with dying cells/** The next few years should see a wave 
of papers describing ways in which this local bystander 
killing can be enhanced, for example, by co-adminis- 
tration of pharmaceutical or genetic agents which 
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Figure 1 Thv clinical effiaiq/ of ^ene thtrapt/ i» liaUrminal by the contribution of the ^teticy of the therapeutic gene(s) used and the efficiency of 
delivery of those genes to tumour celh. Clinicnl hi*nefit will resutl xohen the summation of the gene potency and the delivery efficiency combine to be 
able to reach and kill nit of the tumour cells ~ either directly or indirectly through immune activation. Vie factors most likely to close the gap bettueen 
the efficacy provided by j^cne f>otency or tvctor efficiency alone are tite use of replicating wctors, more ftotent bystander effects and the effective stimulation 
of anti-tumour immune responses. 



enhance cell-cell communications.^' In addition, immune 
stimulation through cell killing can also enhance local 
tumour killing^ and can help to generate systemic 
immunity to other tumour deposits.^' These effecl;^ can 
be active either over a short period of time through acti- 
vation of non-specific immune effector mechanisms^-^* or 
can set the foundations of long-lived, T cell-mediated 
immunity to tumour cells. '^-^^ The most effective way to 
stimulate T cell-mediated immunity to tumours is to kill 
cells in such a way as to convince the immune system 
that they are the source of an aggressive, infection-like 
situation.^*^ This mimics a pathological challenge against 
which the immune system is highly evolved to react. This 
contrasts with the scenario in which the chronic growth 
of tumour cells in a patient has, more likely than not, 
managed to 'tolerise' the immune system to the very cells 
which we would like it to attack.^ Thus, exploitation of 
mechanisms that combine more powerful direct local kill- 
ing with local and systemic immune activation will be a 
major priority. As well as the isolation of more potent 
versions of pre-existing genes such as HSVtk,^ signifi- 
cant advances will come from the discovery of new genes 
which both kill more cells locally and which do so with 
as much immunological aggression ('Danger') as possible 
(Figure 

Vectors 

If the jury is still out on the choice of therapeutic gene, 
there seems to have been a much more definitive selec- 
tion of vector type over the past few years. To date, can- 
cer gene therapy trials have variously used the three most 
common vectors (p)asmid, retrovirus and adenovirus). 
However, except for the situation where tumour/ 
immune cells are manipulated ex vivo, there will be a 
clear preference in the coming years for the use of aden- 
oviral vectors for in vivo delivery to tumours.^^ Dominant 
in this selection process is the high titre of adenoviruses 
(>10'^ p.f.u./ml) compared with other vectors. Given the 
requirement to kill, rather than correct, target cells, there 
is generally little need for integration (ie long term gene 
expression as provided by C-type and lentiviral vectors). 



The initial rationale of the use of C-type retroviral vectors 
to target exclusively dividing tumour cells on the back- 
ground of a quiescent tissue is being gradually super- 
seded by the realisation that human tumours generally 
cycle much more slowly than the rodent cell lines on 
which this strategy was based.^ Hence, the trade-off 
between the total numbers of cells that can be pro- 
ductively infected by an adenovirus, compared with the 
loss of a potential targeting advantage using C-type retro- 
viruses, clearly favours the more efficient adenoviral sys- 
tem. In addition, the immunogenicity associated with 
adenoviral vectors probably offers an added 'adjuvanf 
bonus in the context of most cancer protocols. As a result, 
the number of direct in vivo delivery protocols will con- 
tinue the escalation of the use of adenoviruses. Of course, 
the first vector system that comes through with a targeted 
particle that works in a systemic application may be able 
to win the initiative back again/ 

However, even the highest titre system is clearly not 
high enough yet to cure even local tumours. Therefore, 
there is a clear need to explore, and exploit, a range of 
alternative options. Other systems, such as AAV and 
HSV, are already well developed for use in other gene 
therapy contexts and may be valuable in certain con- 
ditions within the cancer arena.^ But three areas of 
intense activity will soon be (1) the development of rep- 
licating viruses, (2) the combination of components of dif- 
ferent vectors into hybrids with the beneficial properties 
of different systems and (3) the investigation of novel 
viral and non-viral delivery systems which have not been 
explored to their best potential (Figure 1). 

The development of replication-competent vectors for 
cancer gene therapy is the inevitable consequence of data 
from the early clinical trials. So far," a substantial thera- 
peutic gap still exists between the overlap of the efficacy 
provided by, on the one hand, the potency of the thera- 
peutic gene(s) and, on the other, the efficiency of gene 
delivery provided by the vector (Figure 1). Only when 
these two 'therapeutic domains' approach each other will 
clinical efficacy result. Therefore, a natural solution to 
closing this gap is to use viruses that can replicate in 
tumour cells to enhance gene spread.'^' 
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The trnilblazer of recombinant replication-competent 
viruses has been the ONYX-015 virus that preferentially 
replicates in cells lacking functional p53 due to a deletion 
in the adenovirus ElB gene.^ ** Phase I and II clinical 
trials have proved safe enough to allow the virus to go 
forward for phase III clinical trials - despite some uncer- 
tainties as to what exactly is the dependence on p53 
status for viral replication.'* ONYX-015 has no thera- 
peutic transgene itself and relies on the lytic ability of 
replicating adenovirus to kill cells directly. However, the 
therapeutic indications from the early trials have again 
shown that more potency is required over and above that 
produced by viral lysis of tumour cells and the future 
development of this system will depend on the incorpor- 
ation of therapeutic genes into the replicating frame- 
work,^^ 

As well as other viruses that use intrinsic properties 
of the transformed phenotype as the basis for tumour- 
selective replication of a virus/^ other replication-com- 
petent viruses will enter clinical trials based on the use 
of tumour /tissue-specific transcriptional regulatory 
elements to drive expression of the critical viral genes 
required for replication.-^-*^ With a strongly established 
literature on the use of tissue /tumour-specific promoters 
within recombinant vectors-^-'^ this is a field which is set 
to proliferate rapidly within the coming years.' 

An intermediate step on the way to fully replication- 
competent viruses is the development of hybrid^ vectors 
which 'mix and match' elements of established vector 
systems. Thus, adenoviruses have been used to convert 
target cells in vivo into retroviral producer cells.^ Simi- 
larly, a hybrid between adenovirus and EBV has been 
described which allows the high titre of adenoviruses to 
be combined with long-term persistence without inte- 
gration through the maintenance of a stable EBV epi- 
some.^"^ In this way, factors such as persistence of 
expression, titrc and immunogenicity of vectors may be 
controlled more closely than the properties of individual 
vectors alone can allow.^^ 

Finally, the increasing awareness of the potential of 
gene therapy means that a variety of different viral sys- 
tems, previously not thought of in the context of vector 
development, will undoubtedly be developed/ Of the 
large number of viruses that are already well character- 
ised virologically, many have potential for exploitation as 
vectors. For any given virus, this may either be in its 
entirety as a novel vector or it may involve cannibalis- 
ation of specific components that can be incorporated into 
other (hybrid) vectors. For example, the VP22 protein of 
HSV can increase protein distribution between non-trans- 
duced cells - thereby enhancing the potential bystander 
ef fects.**" The potential for both well-characterised, as well 
as lower profile, viral systems to contribute to the recom- 
binant, hybrid and replicating vector pool of the new 
millennium is, therefore, very great. 

Targeting 

A genuine ability to target delivery systems to tumour 
cells distributed widely throughout the body of a patient 
would simultaneously increase real titres and efficacy, 
and decrease potential toxicity. In truth, no such sys- 
temically targeted vectors exist yet. Injection of vectors 
into the bloodstream for the treatment of cancer requires 
not only that the vectors be targeted (to infect only tumour 



cells) but also that they be protected (from degradation, 
sequestration or immune attack) for long periods of time 
so that they can reach the appropriate sites for infection. 
Moreover, having reached such sites, the vectors must be 
able to penetrate into the tumour from the bloodstream 
before carrying out their targeted infection. 

Progress in vector targeting has been dramatic in the 
last few years. Surface targeting would be optimal to pre- 
vent non-productive binding and sequestration of vectors 
before they reach their target cells. It is now possible to 
activate infection through retroviral enveloj^ binding 
only in tissues which express, for example, tumou^^sso- 
ciated proteases*^ and surface targeting is now also poss- 
ible for adenoviral vectors.^^ The advent of in vivo selec- 
tion of peptide 'addressin' sequences to target tumour 
cells or vasculature will add greatly to the technology 
required to target delivery at the level of cell binding/' 
The challenge will be to show that such addrcssin pep- 
tides can be efficiently and functionally incorporated into 
vector syistems such as viral envelopes. Transcriptional 
targeting is perhaps more established as a method of lim- 
iting gene expression to target cells.*** However, this 
approach complements more the decreased toxicity of gene 
therapy rather than contributing to its increased effidenofi 
a transcriptionally targeted vector still has no means of 
preventing its sequestration by the mass of non-target 
cells/tissues which it is likely to encounter before it finds 
its real target. So, despite impressive advances in both 
promoter design and envelope modification, it still 
remains to be shown that any of these systems can be 
used for genuine systemic delivery in which vectors last 
long enough, and arrive in high enough quantities, at the 
tumour sites to be effective. 

Therefore, the design of most new in vivo trials v^ill 
necessarily have to be based around local delivery, where 
targeting comes principally through the location of the 
catheter or syringe needle. As the refinements of vector 
targeting become more sophisticated, vectors will become 
available for testing in loco-regional protocols, escalating 
up through organ/limb perfusion and, eventually, to 
genuine systemic delivery. However, given the reluc- 
tance of the human immune system to permit free circu- 
lation of viruses/ vectors for any period of time, achiev- 
ing this latter goal promises to be one of the most difficult 
of all the challenges to solve. 

Anti-angiogenic gene therapy - going for 
the jugular 

Given the difficulties in generating truly targeted vectors 
for systemic delivery, the alternative is to target those 
biological properties of tumours which set them apart 
from all, or most, normal tissues. One of the most notable 
distinguishing features of tumour growth is the absolute 
requirement for the tumour to provide itself with an 
expanding blood supply through the process of angio- 
genesis, and there is a wealth of targets at the interface 
between the malignant population and the supporting 
stroma that could be exploited by approaches including 
gene therapy. For instance, the migration of tumour 
endothelium can be inhibited by interfering with pro- 
tease enzyme function^'' and it may even be possible to 
design molecules with both antiangiogenic activity and 
tumour-horning profwties.'*'* The identification of nat- 
urally circulating factors such as angiostatin and endo- 



statin, which appear to be capable of suppressing angio- 
genesis has sparked an explosion in efforts to deliver 
and express such recombinant molecules''''*^"''** and more 
candidates are being reported all the time. 

Immuno-gene therapy 

In principle, the immune system provides exactly what 
we would like the ideal vector system inherently to pro- 
vide: (1) an amplification of the therapeutic potential fol- 
lowing relatively low level gene delivery, and (2) high 
level specificity of body-wide target cell killing once cor- 
rectly activated* The possibility of harnessing these two 
features to fight metastatic cancer is the reason why the 
majority of cancer gene therapy protocols have been 
aimed at immune stimulation (although the cynic might 
also point out that in the absence of better targeted vec- 
tors there has been little other choice!). 

Many of the first clinical protocols for cancer gene ther- 
apy involved the ex vivo modification of freshly isolated 
tumour cells with cytokines.'*^ These trials grew out of 
safety considerations and a reluctance to deliver viruses 
directly into tumours in situ. However, in the presence 
of the appropriate in vivo controls, it became apparent 
that in many cases, cytokine modification may be little 
better than more conventional adjuvant-based cancer cell 
therapies with no gene transfer component. In ad(^ition, 
the recovery of patient tumour cells and maintenance in 
culture for long enough to allow transduction with cyto- 
kine genes has proved to be laborious and expensive and 
may significantly alter the phenotype of the cells. None 
the less, once clear advantages had been shown in animal 
systems for some cytokines,^^""^^ clinical trials have shown 
encouraging signs that cytokine-modified vaccines can 
generate significant immune responses in patients with 
minimal toxicity.^ However, given the effort and money 
involved in the autologous cell gene modification 
approach it is unclear whether these sorts of approaches 
will ever of fer a useful return on the investment. 

Perhaps the two most significant areas in which 
immuno-gene therapy is likely to progress are in the the 
molecular identification of tumour-associated antigens 
and exploitation of the central significance of the den- 
dritic cell in generating anti-tumour immune responses. 

One of the most spectacular advances during the evol- 
ution of gene therapy for cancer has been the cloning of 
tumour-associated antigens from human tumour (usually 
melanoma) cells which are recognised by either CD8%^ 
or more recently, CD4* T cells.^^^ This has added mol- 
ecular credibility to the long-held presumption that 
tumours can indeed express antigens against which T 
cell-mediated responses can be raised. The tumour vacci- 
nation field can now move from the relatively crude level 
of whole cell vaccines into the molecular arena with 
defined targets with which to immunise. One cautionary 
note should be sounded - tumours are highly hetero- 
geneous and unlikely to express only one dominant anti- 
gen on all of the cells. Therefore, the trend towards 
molecular vaccination with defined antigens will 
undoubtedly have to employ 'cocktail' approaches where 
multiple cDNAs are used in the vaccination protocol. 

With such antigens in hand - even if only in a limited 
number of tumour types at the moment, the question 
remains of how to break tolerance to these antigens 
which are often not even mutated forms of self antigens. 



Several key studies have shown that tolerance to tumours 
can be broken as long as tumour antigens - whether 
clearly defined or not'^"^^ - are delivered into suitably 
activated dendritic cells.^*''' Indeed, many of the large 
numbers of gene transfer experiments which have suc- 
cessfully raised anti-tumour immunity may be attribu- 
table simply to the induction of tumour cell killing in 
vivo, leading to transfer of antigens into professional anti- 
gen presenting cells (APO.^^^'-''^ The efficacy of the 
resultant anti-tumour responses is likely to be influenced 
heavily by (1) the efficiency with which DC>can be 
attracted to tumour sites^ (2) the availability of tumour 
antigens to be taken up by DC, and (3) their subsequent 
maturation /activation and ability to traffic to the lymph 
nodes to present these antigens.^^ All three of these fac- 
tors will be encouraged if the tumour cell killing occurs 
in the presence of pro-inflammatory signals which per- 
suade the immune system t6 associate a pathological 
event with the killing.^^ Thus, tumour cells which are 
killed at low levels by purely apoptotic means are 
unlikely to (1) attract DC, (2) load the DC or (3) activate 
the DC. In contrast, cells which die by non-apoptotic . 
means," similar to pathogenic infections, or which die 
such that the levels of apoptotic death overwhelm the 
local phagocytic capability to clear them,*^ will stimulate 
all three of the above. Therefore, we now have the ability 
to identify the key molecules that can serve as targets for 
immune responses and to isolate and genetically manipu- 
late the central APC involved in antigen presentation. 
Coupling thiese two together means that dendritic 
cell modification is likely to supplant tumour cell 
manipulations in the coming years. 

It must always be remembered, however, that where 
immuno-gene therapy for cancer hopes to end up is 
exactly the point from which gene therapies for auto- 
immune disease are starting out (Figure 2). Oncologists 
using immuno-gene therapies seek to induce auto- 
immunity to a particular class of cells within the patient - 
their tumour cells: The induction of autoimmunity to 
some of these tumour-associated antigens has already 
been shown and correlates well , with the generation of 
anti-tumour immune responses.*^**^ However, the same 
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Figure 2 Coming at similar proMems from op}X>site viewpoint}^. \Wliereas 
cancer gene therapists aim to re educate the immune sysileni to recognise 
(self) tumour celts expressing tumour antigens, getu: therapists treating 
(I utoimmune disease wm to prevent the immune system from recognising 
self tissues. 
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or related antigens may be displayed on other cells or 
tissues within the body, differing only in relative 
expression level, and hence may also represent a target 
for recognition and destruction. Such side-effects can be 
tolerated for the treatment of tumours where the normal 
tissue type is not crucial to survival of the patient (such 
as melanocytes). However, as immunotherapies for the 
common cancers of more 'importanf tissues develop, the 
successful induction of autoimmunity to tumour antigens 
may be accompanied by the potentially disastrous 
destruction of uninvolved self tissues. The first goal must 
be the attainment of anti-tumour immune responses; the 
second will be to learn how to restrict them to tumour, 
rather than normal tissues of the same type. 

Gene therapy in the clinic - knowing its 
place 

A key factor in ensuring the success of gene therapy will 
be to develop a clear understanding of how it can best 
play its role in the clinic. For example, immuno-gene 
therapies are only ever likely to be effective in clinical 
situations where patients are at, or have been returned 
to, a state of low tumour burden and still have effective, 
functioning immune systems.*' A consequence of this is 
that as the early phase I/II trials move ahead in to phase 
III and IV, it will take some considerable time, ^nd large 
numt>ers of patients, to demonstrate their true efficacy. 
Moreover, gene therapy is likely to be very effective in 
combination with pre-existing clinical regimens, such as 
chemotherapy and radiotherapy.'' A large number of 
studies are now showing great potential for collaboration 
between gene therapy and pharmaceutical, immunolo- 
gical and radiotherapeutic disciplines to kill cells more 
effectively and in greater numbers. It is unlikely, there- 
fore, that gene therapy alone will play a curative role in 
cancer treatments for some years. Its importance as a sup- 
porting player is much more likely to establish its sense 
of worth in the minds of clinicians over the coming years, 
thereby setting the scene for its ultimate use as a frontline 
therapy in its own right 

Gene therapy and the free market - putting 
it all together 

Gene therapists aspire to creating the Perfect Vector 
which, for cancer gene therapy, is likely to be rather more 
multi-component than in other disease situations. Tt will 
probably consist of a coat with molecules that allow 
tumour cell-specific binding; mechanisms to permit 
transfer of the genes to the nucleus following penetration 
of the cell membrane; promoter/enhancer elements 
which target high levels of expression only in the appro- 
priate cells and, of course, the gene(s) that will ultimately 
lead to the death of the tumour cells directly and/or 
indirectly through immune stimulation (Figure 3a). Each 
of these components should be perfected to give the best 
possible combinations and therapy for the patient. How- 
ever, even if it were clear what should be put into this 
perfect vector, will it be commercially possible to 
assemble it? Few, if any, laboratories can hope to optim- 
ise each component from their own endeavours. There- 
fore, each of the constituent elements (envelopes, pro- 
molers, genes, viral systems) will inevitably be the 




Fijptrt 3 (it) Some of Uie components of tlie Perfect Vector of the future, 
as seen from a research vicu^paint. Surface molecules will allow tumour 
cell-specific binding; prmiotcr/enhnncer elements will exclusively target 
high levels of expression only in the appropriate tumour cells; highly 
potent, but selective gen e(s) will ultimately lead to the death of the tumour 
cells directly and/or indirectly through immune stimulation. The big ques- 
tion is whether all the separate components, perfected in different labora- 
tories, can interact biologically to generate a truly efficient ami targeted 
vector, (b) The gene therapy ifcctor of the future, as seen from a commercial 
viewpoint. The big question is ivhether the patents for all the separate 
components, owned by a variety of different companies and institutions, 
can be purchased or licensed at prices tluit will still allow production, and 
use, of the vector to be profitable. 

intellectual property of different companies or insti- 
tutions (Figure 3b). What are determined conceptually as 
the optimal combinations may, in the harsh reality of the 
free market, at best take long periods of time to co-ordi- 
nate and, at worst, never be possible to bring together 
into one final product. In addition, as ownership of intel- 
lectual property begins to dominate what companies are, 
or are not, prepared to support^ finding the funding (and 
desire) to put together the best possible finished product 
is going to become increasingly difficult (Figure 3b). It is 
highly probable that intellectual property priorities are 
already preventing the initiation of projects which might 
be the optimal therapeutic priorities, because ownership 
of certain components of the target vector are not com- 
mercially compatible, h will be important to see if the 
commercialisation of gene therapy can truly complement, 
rather than corrupt, its therapeutic promise in the new 
millennium. 
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WHY GENE THERAPY? 
It ts well established that most cancers result from a series of 
accumulated, acquired genetic lesions in somadc cells that 
are faidifully reproduced undl a malignant clone is created, 
which is uldmatdy able to destroy the host. To a larger and 
larger extetit, the genedc lesions associated with maligiunt 
transformadon and ptogre^ion in a wide variety of human 
cancers are being identified [1,2]. Armed widi this knowl- 
edge of the molecular anatomy of the cancer cell, gene 
therapy has emerged as a new method of therapeudc and 
possibly prevendve intervention against cancer targeted at the 
level of cellular gene expression [3]. In this approach, die 
complex cancerous pathophystobgical state is altered by 
delivering nucleic acids into tumoral or normal cells. These 
nucleic adds may be genes, portions of genes, oligo- 
nucleoddes, or RNA. In convendonal therapeutics, as in 
pharmacotherapy, a cell or ussue phenotype is altered by 
modilying cell physiology or metabolism at die level of 
protein expression. In contrast, in gene therapy this is 
accomplished by changing the pattern of expression of genes 
whose products may thus achieve the desired effect on the 
cellular phenotype* 

In the. treatment of human disease^ gene therapy snrategies 
may offer the potendal to achieve a much hi^er level of 
specificity of acdon than convendonal drug therapeudcs by 
virtue of the highly specific control and regulatory mechan- 
isms of gene expression that may be targeted. Addidonally, 
interceding at an earlier, upstream step in disease padiogen- 
esis may offer greater potendal to induce fundamental chan* 
ges in phenotypk parameters of disease, with a more 



Civourable clinical outcome. The availability of gene transfer 
systems, or vectors, for permanent or long-term genetic 
modilicadon of cells and tissues should allow definitive ther- 
apeudc or preventive ^tervendons. Furthermore, gene 
transfer may be accomplished in a limited loco-regional con- 
text, producing a high concentradon of therapeudc molecules 
in the local area. Thus, undesired systemic effects of those 
therapeudc molecules are avoided. Lastly, using the body to 
produce dier^peutic proteins, potendally in only ceruin us- 
sues, has practical advantages of its own [4] . Briefly, limita- 
uons associated with manufacture, stability, and duration of 
effea after administtadon of drugs based on synthetic pep- 
udes are completely avoided. From the same pharmacological 
point of view, designer drugs based on small molecules, cur- 
rently under intensive invesdgauon, can hardly subsdmte the 
function of complex defective proteins, such as many pro- 
ducts of tumour suppressor genes. 

In the treatment of human malignant tumours, several 
obstacles explain the limitations of currenUy available treat- 
ments for achieving definitive cures in most cases of advanced 
disease (Table 1). It is apparent that a combination of new 
chemotherapy dmgs, higher doses of drugs, novel cytokines, 
improved regimens of radiodierapy, and more sophisticated 
surgery can achieve incremental improvements in cancer 
treatment But these dierapies do not address cridcal biolo- 
gical obstacles and, thus, probably will not bring the much- 
needed radical advances in the implementation and results of 
cancer treatment In contrast, gene therapy offers the poten- 
tial for overcoming some of these fundamental barriers 
(Table I). 
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STRATEGIES 

A number of strategies have been developed to accomplish 
cancer gene therapy. These approaches include (1) mutation 
compensation, (2) molecular cfaerootberapy, and (3) genetic 
immunopotentiation. For mutation compensation! gene 
therapy techniques arc designed to correct the molecular 
lesions that are aedologic of malignant transformation, or 
avoid the contribution to malignant growth by tumour-sup- 
porting non-malignant stromal cells. For molecular chemo- 
therapy, methods have been developed to achieve selective 
delivery or expression of a toxin gene in cancer or stromal 
cells to induce their eradication, or akematwely to increase 
their sensitivity to concomitant chemotherapy or radio* 
therapy. Also, attempts have been made to deliver genetic 
sequences that protea normal bone marrow cdls from the 
toxic eifeccs of standard chemotherapeutic drugs, thus allow- 
ing the administration of higher drug doses without reaching 
otherwise limiting myelosuppression. Genetic immunopo- 
tentiation strategies attempt to achieve active immunisation 
against tumour-associated andgens by gene transfer meth- 
odologies. Both tumour cells and cellular components of the 
immune system have been genetically modified to this end. 
Impottant^, each of these approaches has been rapidly 
translated into human gene therapy clinical trials [5] as sum- 
marised in Table 2. ' 

In this review, we examine xht lessons learned from the 
results of the first attempts to apply each gene therapy strat- 
egy in human cancera. In each section, we show both the 
rationale of gene therapy and the problems encountered in its 
development, emphasising the general biological concepts of 
each therapeutic strategy. Finally, we illustrate prospects for 
overcoming the obstacles to implementauon of gene therapy 
by novel methods that arc cutroitly being refined. 

Min-ATION COMPENSATION 

The knowledge of the major role that growth faaors, sig- 
nalling molecules, cell cyde regulators, and determinant fac- 
ton of angiogenesis, invasiveness and metastasis play in 
neoplastic progression has positive implications for gene 
therapy. Tluit is, it is possible to abrogate the malignant phe- 
notype by corxccdng the tmderexpression of tumour sup- 
pressor genes or overexprcssion of oncogenes involved in 
these phenomena. At the level of the single cell, the inactiva- 
don of tumour suppressor genes contributes to the neoplastic 
phcnotype by abrogating crirical cell cycle checkpoints, DNA 
repair mechanisms, and pro-apoptotic controls. To approach 



this loss of fimcdon, the logical intecventkm is replacement of 
the deficient fimcdon widi die wild-type gene. Mutadons of 
more than 24 tumour suppressor genes have been described 
in numerous cancers. Of these, p5i, RBi^ and BRCAi are 
currcnUy being administered in clinical trials as replacements 
for the mutated counteiparts CTable J). In all these cases, 
pre-clinical studies showed some expression of the wild-type 
protein af^er gene delhrery and reversion of die malignant 
phenotype, frequently associated with the inducdon of apop- 
tosis in tumour cells [6]. Of note, however, some tumoun 
have shown persistent tumorigenicity and proliferauon after 
successfiil restoration and e:q)tession of wild-type genes, a 
phenomenon referred to as * tumour suppressor resistance'. 
Other major obstacles are mentioned later. 

For dominant oncogenes, it is the aberrant expression of 
the corresponding gene product that elicits the associated 
neoplastic transformation. In this context, the molecular 
therapeutic intervcadon is designed to ablate expression of 
die dominant oncogene. Inhibition of oncogenic function can 
be attempted at three levels. First, transcription of the onco- 
gene can be inhibited. This approach uses triplex-forming 
oligonucleotides or other sequences that bind transcriptional 
start sites in the genomic DNA. An example,, currently being 
clinically tested, is based on the adenoviral gene El A, that 
inhibits transcnption of the human c-«rfrB-2 promoter and 
accordingly suppresses the tumorigenidty and metastatic 
potential induced by the «rfrB-2 oncogene. Second, transla- 
tion of the oncogene messenger RHA can be blocked using 
specific andsense sequences, which fimcdon by promoting 
degradation of die complementary message [7] . Evidence for 
a specific effect of antisense molecules has been parucularly 
compelling in selected cases, and these molecules are cur- 
rently undergoing clinical tests. These include antisense 
sequences against insulin-like growth factor 1 in glioma, 
ras In lung cancer, c-myc in breast and prostate cancer, and 
TGFp in glioina (Table 3). Practical constraints have limited 
wide employment of this technology in protocols of human 
anticancer gene therapy, including the idiosyncratic efficacy 
of specific antisense for a given target gene and the sub- 
optimal delhrery of antisense molecules. Third, mobilisauoa 
of the nascent oncoprotein can be blocked or io function can 
be inhibited w^en in its final cell location. These last strate- 
gies involve the use of 'intracellular antibodies' that intercept 
and interfere with the intracellular processing of the onco- 
protein, or the heterologous expression of mutant proteins 
that can inhibit the function of the native oncoprotein. 
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respectively. We have shown, for instance, that intraceliular 
escpression of an anti-crbB-2 singte-chain antibody (scFv) 
results in downrregulation of cell surface erbB-2 expression 
and selective cytotoxicity in tumour cells expressing the 
oncogene target both in vitro and in vivo [8, 9] . 

TUMOUR PHENOMENA DEPENDENT ON 
MULTIPLE GENES 

Angiogenesis 

The development of new blood vessels is a cridcal step in 
the growth, progression, and metastatic spread of both solid 
and haematDpoietic tumours. Despite heterogeneity in many 
other respects^ all tumours thus share a imiversal feature, i.e. 
they depend absolutely on the vasculature not only to sustain 
their initial growth and dissemination but also to maintain 
their long-term viabili^. Extensive ej^erimenul data and 
ctinical-padiological studies support this contention (reviewed 
in: Special Issue on AngiogenesiS) European Journal of Catictr, 
Vol. 32) issue 14, 1996). Vessel targeting, therefore, should 
be useful for the treatment of most kinds of cancer, either to 
impede the formation of tumour blood vessels, as initially 
proposed by Folkman (see Special Issue), or as an attempt to 
destroy the already formed tumour vasculature, as proposed 
later by Denekamp and others [10-12]. From the points of 
view of oncology and gene therapy, two features of this strat- 
egy seem most attractive. Fir^t, the genetic stability of endo- 
thelial cells should essentially eliminate the appearance of 
resistance to molecular therapeutic interventions [13], which 
is so pervasive in the treatment of tumour cells. This 
hypothesis has been confirmed in a cancer animal model that 
evaluated treatment with the natural angiogenesis inhibitor 
endostadn (14]. Second, an additional advanuge of targeted 
killing of endothelial cells is the highly amplified killing effect 
of large numbers of tumour cells when deprived of their vaa- 
culacisation. This can partially overcome current limitations 
in the number of cells modified by geno transfer in vivo. 

In the last decade, anti-angiogenic drugs targeted to the 
proliferating endothelium of tumours and other diseases have 
been applied in the clinical setting and have entered clinical 



trials. In addition, the association of chemo- or radiotherapy 
with anti-angiogetuc agents has been shown to produce an 
enhanced anti- tumour efica in preclinical models. Notably, 
combined treatments can achieve cures that are not observed 
with either treatment alone [15]* Thus, molecular therapeutic 
interventions against the tumour and its vasculature are not 
only strongly appealing on theoretical grounds for their use in 
a varies of clinical contexu. but dieir utility is also rapidly 
being tested clinically [16]. Based on this, genetic modifica'-. 
tion of the endothelium of tumour vasculature has been pro- 
posed as an alternative therapeutic modality [17, 18]. With 
this genetic strategy, the problems of previously explored 
approaches can be potentially overcome. For instance, local 
production of high levels of therapeutic proteins can be 
induced, thus obviating or diminishing the difficulties asso- 
ciated with systemic toxicity, and also pharmacological issues, 
such as largescale manufacture, bioavailabiliQr, and cost of 
ordinary drugs. In addition, the ability to release the gene 
product continuously may be relevant in certain cases, such 
as for the appropriate anu-angiogenic effect of interferon 
gamma. 

Both suppression of angiogenic cellular signals and aug- 
mentation of natural inhibitors of angiogenesis have proved 
to be feasible strategies in in vivo tumour models. Examples 
of effective genetic interventions for the suppression of 
angiogenesis faaots are the down-regubtion of vascular 
endothelial growth faaor (VEGF) by antisense molecules, as 
shown in models of glioma. [19,20]) and the blockade of 
VEGF receptor function by ^delivery of mutant versions of 
one of its cognate membrane receptors, Flk-1 [21, 22], or of a 
secreted soluble version of its odier receptor, Flt-1 [23,24]. 
In addition, similar results have been obtained by adenoviral- 
mediated delivery of a soluble receptor analogous to the 
endothelium-spedfic Tte2 fecq)tor [25] » also known to play a 
role in tumour angiogenesis. Conversely, the replacement or 
supplemenudon of inhibitors cu angiogenesis has been 
attempted by transfecting cells ivith the dirombospondin 
gene [26] and by using in vivo viral vectors that encode solu- 
ble platdet factor 4 [27] and angiostadn [28,29]. However, 
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none of these strategies has been dimcaJly tested and major 
issues, mostly vcctorologicai, are sdU to be solved Most obvious 
are the problems of assiuing highly efficient gene delnrety and 
iong-terin expression of the therapeutic anti-angiogenic genes 
to keep the tumour deprived of iu growth-enabling vascular- 
isation. In addition^ the current lack of tatgetable, injectable 
vectors impedes the application of anti-angiogenesis gene- 
based strategies to multiple fod of tumour that characterise 
disseminated cancer. Lastly, diflerent combinations of endo- 
thelial growth faaois and their receptors are altered in different 
tumours, and may even change in single tumours during dif- 
ferent stages of progression. Thus, despite its powerful rationale, 
the successful clinical implementadon of anti-angiogenesis 
gene therapy will still require major developments. 

Anti-angiogenesis seems a dicrapeudc manoeuvre raosdy 
appropriate for avoiding tumour progression but, as men- 
tioned above, alternative anti-vascular strategies have been 
proposed with the intention of destroying cxisdng vascu- 
lature, thereby depriving the tumour of essendal vascularisa^ 
don. To date, there have been few attempts to induce direct 
toxidty in the vasculature of normal or mmour vasculature by 
gene transfer [30, 31), but devdopment of targeted vectors 
should prompt inunediate evaluadon of such strategies. 

Invasion and nutastasis 

Increasingly, genes and proteins involved in phcnocypic 
aspects of tumours, other than disordered proUferadon, are 
being described and identified as potendally useful ther- 
apeutic targets. In this regard* besides angiogenesis, one fun- 
damental component df die metastatic cascade is die local 
invasion of the extracellular matrix by tumour cells. Studies 
in animal models have begun to show that modulation by 
gene traiufer of molecules involved in degradation of extra- 
cellular matrix, cellular motility, and cellular adhesion, such 
as plasminogen activators, metalloproteinascs and CD44, has 
the potential for inhibiting tumour cell spread [32]. To have 
clinical utility, however, these manoeuvres should provide 
long-term abrogation of the invohred molecules and be used 
when the tumour is going through the earlier steps of the 
metastatic cascade in a particular patient. 

Apoptosis 

The highly orchestrated form of cell death known as apop- 
tosis goes awry to some extent in most cancers. Increasingly, 
a general theme in cancer pathophysiology is the develop- 
ment of a defect in the function of pro-apoptodc molecules, 
such as p53, that commonly prepare the cell for apoptosis 
whenever cdl proliferation or DNA damage is induced, their 
absence thus depriving the cell of a critical safety mechanism 
[33]. Alternatively, a functional excess of anu-apoptouc 
molecules, such as Bd-2, may also occur in tumours. In each 
case, the result is an imbalance that favours the inappropriate 
survival of tumour cdls. The mechanisms involved are attrac- 
tive dierapeutic targets because the (umour cell is totally 
dependent on them for its survival, and appean to have a 
higher sensitivity to the induction of apoptosis dian normal 
tissues [33]. In addition, restoring or enhancing the capacity 
to undergo apoptosis may, in some cases, be a crudal event 
which renders tumours sensitive to classical anticancer agents, 
such as chemotfierapy [34, 35J and radiodienapy [36, 37] . 

With the increasing recognition of the molecular basis of 
die apoptotic padiway (33,3a-40], and die description of 
several of in components acting as oncogenes or tumour 



suppressor genes, gene therapy has emerged as a rational 
strategy for the moddation of apoptosis. Thereforei the 
genetic modification of tumour cefls and thdr siqiporcive 
stroma with genes diat modulate the apoptotic process has been 
recendy proposed for the gene therapy of cancer [6,41-43). 
Three general requirements for the successful therapeutic 
application of genetic modiUation of apoptosis in cancers are 
apparent. First, significandy better gene transfer vectors may 
be needed to modify and trigger apoptosis in most malignant 
ceOs in any given tumour. Current vectors are far from 
achieving in vivo the requisite high levels of tumour cell 
modification. Alternatively, mechanisms may be implemented 
regionally to amplify the effects of the expression of trans- 
ferred genes, i.e. by indudng a bystander apoptosis. Second, 
given the ubiquity of the numerous cellular protdns involved 
in apoptotic pathways, selective activation in cancer cells of 
the lethal processes may also be a critical requirement of 
therapeutic manoeuvres. The lower threshold for undergoing 
apoptosis diat characterises tumour cells could, however, 
offer an advanugeous therapeutic window that makes this 
requirement less stxingem. Third, given the compleatity and 
redundancy of the signalling circuits involved, modulation of 
several components of die apoptotic pathways may be needed 
to provoke cell death. Interventions downstream in the circuits 
might also be preferable to avoid regulatory counterbalances. 

Despite the theoretical constrnints just mentioned, pre- 
liminary attempts to explore the therapeutic modulation of 
apoptosis against cancer by gene transfer have already begun, 
driven by encouraging preclinical data in animal modds. 
Qinkal trials ate currently ongoing evaluating the value of 
pro-apoptotic p53 and adenoviral El A, and a growing num- 
ber of other candidate genes are bdng considered find tested 
predinically (Table 4). 

Obstacles to mutation compensation 

Although the strategies currendy used for the restoration of 
normal genes and ablation of mutant genes have offered in- 
depth insights into ±e molecular biology of carcinogenesis 
and tumour progression, they face critical problems that 
restria Uieir clinicd application. Human tumours are 
remarkably heterogeneous in the patterns of expression of 
rdevant oncogenes. Thus, therapeutic urgeting of a single 
molecular abnormality may have only an inconsequential 
impaa on the clinical management of the disease, consider- 
ing both the population and individual patients. In addition, 
several muuted genes produce molecules with transdominanc 
effects, thus necessiuting the blocking of dieir effects and not 
merdy their supplementation with a wild-type version of the 
gene. Furthermore, because these strategies mosdy modulate 
intracellular responses, neariy every tumour cell might have 
to be targeted for diese approaches to be clinically effective. 
The current state of development of gene therapy veaors, 
both viral and non-viral, makes tiiis feat unachievable within 
non-toxic margins of vector dose. Qearly, breakthrough 
developments in vector technology are needed for these 
obstades to be overcome. A better understanding of the 
tumour-supportive micro-environment and of multicellular 
tumour phenomena may also suggest genetic interventions 
diat, even widi a limited gene transfer, can clidt widespread 
effects in the tumour. In addition, approaches such as mole- 
cular chemodierapy or immune system augmenution that 
exhibit an amplified regional or systemic effect hold die pro- 
mise of tackling some of die aforementioned limitations. 
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MOLECULAR CHEMOTHERAPY 
A number of distinct approaches to molecular chemo- 
therapy for cancer have been developed.. These include the 
administration of (1) toxin genes to eliminate tumour cells 
and the stromal cells that support them, (2) dni^ resistance 
genes to protea the bone marrow from myelosuppiessioh 
induced by chemotherapy, and (3) genes that enhance the 
effect of conventional anticancer treatments. Initially^ the 
approach of molecular chemotherapy was designed to achieve 
selective eradication of carcinoma cells via expression of a 
toxin gene. Thb is similar to conventioaal chemotherapy, 
where pharmacological agents are employed. However, in the 
latter approach, toxicity of the drug Is often manifested both 
in malignant and non-malignant cells. Therefore, in order to 
effea a reduction in the burden of neoplasdc cells, the 
patient's norma] tissues and organs have to be exposed to 
potentially harmfid quandcies of the drug. Molecular chemo- 
therapy is designed to circumvent this limitation by selec- 
tively targeting toxin delivery or expression to cancer cells on 
the basis of more specific tissue- or transformation-associated 
markers, thereby reducing the potential for non-q)ecific toxi- 
city. Commonly, a non-toxic pro-drug is administered diat 
requires acth^ation in genetically modified cells in order to be 
transformed into a toxic meubolite that tdtimately leads to 
cell deadi [44-49]. 

To-xin genes 

Tkymidme kinase. The most common molecular chemo- 
therapy system utilised to date to accomplish cell killing has 
been the herpes simplex virus thymidine Idnase (HSV-tife) 
gene given in combination with the pro-drug ganciclovir 
(GCV) (50]. The selectivity of the HSV-tk system is based on 
the fact that, contrary to normal mammalian thymidine 
icinase, HSV-rA preferentially monophosphorylates GCV, 
rendering it toxic to the ceil. GCV is then further phos- 
phorylated by cellular kinases to produce triphosphates that 
are incorporated into cellular DNA. The incorporation of the 
triphosphate form of GCV causes inhibition of DMA synth- 
esis and of RNA polymerase, leading to cell death [44]. Thus, 
tumour cells (or any other cell undergoing mitosis) trans- 
duced to express the viral ih gene have enhanced sensitivity to 
cell killing after exposure to GCV. Somewhat unexpectedly, 
normal cells transduced with HSV-tft after intravenous (i.v.) 



[51] or intrahepatic [52] administration of adenoviral HSV-iA 
veaor have also shown hi^i sensitivity to GCV, leading to 
Iwcr degeneration and low survival in mice. The absence of 
toxicity of GCV after i.v. administration of a control adeno- 
virus or subcutaneous admiiiiscradon of an adenovinu 
encoding HSV-tfe suggests that the toxicity is specifically 
liver-assodated. The relationship between toxicity and the 
status of liver parenchymal cells with respect to the cell cycle 
' remains to be determined. The toxicity and efficacy of the 
transfer of HSV-cib are currendy being tested in more than 
two dozen phase I human clinical trials, including tumours of 
the ovary, brain, prostate, head and neck, mesothelioma, 
multiple myeloma, leukaemia, and liver metastasis of colon 
cancer (for an updated list of protocols visit the Office of. 
Recombinant DNA activities website at http://www.nih.gov/ 
od/otda/ptotocol.htm). 

Bystander effect Whilst the benefits of selectively eradi- 
cating tumour cells are obvious, an important limitation 
associated with molecular chemodierapy is the inability to 
genetically modify 100% of the tumour cells with the toxin 
gene. However, this has proved not to be as sevett: a limita- 
tion as initially thought due to die phenomenon known as the 
'bystander effect', whereby die eradication of HSV-tJfe n^ns- 
duced cells elicits a killing effect upon the surrounding non- 
transduced tumour cells. That not all of the tumour cells 
need to contain the HSV*cil( gene to obtain complete eradi* 
cation of the tumour was an observation of early experiments 
employing die relatively inefficient retroviral veaors in brain 
tumours [53,54]. This occurrence was later confirmed in a 
variety of odier tumour model systems [55-58]. 

Other toxins. Several additional combinations of enzyme/ 
pro-drug have been developed to improve the efficacy of 
molecular chemotherapy and overcome the limitations of tkl 
GCV. For example, some of the enzymc/pro-drug combina- 
tions induce toxic effects not only in cycling but also in non- 
cycling cells (carboxypeptidase G2, nitroreductase, purine 
nucleoside phosphorylase). Widi odiers, die bystander effect 
is stronger (purine nucleoside phosphorylase) or does not 
require cell contact (cytosine deaminase, nitroreducuse). 

With some exceptions, single drugs in standard chemo- 
therapy do not cure cancer Historically, effective cancer 
treatments were developed when drugs with different 
mechanisms of action were used in combination. Extending 
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this concept to molecular cfaemothenpy, teveni combiiu* 
tions of enzyme^rcMinig have been shown to induce syncr* 
gistic killing efleco in vitrv [59|60]. CombinatioQ schemes 
have achieved also higher races of tumour regression and cure 
in animal models [61, 62). Thus, the application of classical 
chemotherapy principles for designing drug combinations 
would recommend the use of pio-dnig^en^es thtt taiget 
both dividing and non-dividing cefls, that elicit different 
mechanisms of bystander effect, and that have non-over- 
lapping toxicities. 

Dmg-mistancc gents 

In a- second molecular chemotherapy approach, the host 
tolerance to higher doses of standard chemotherapcutic drugs 
is increased by transducing bone marrow cells, known to be 
highly sensitive to chcmotoxicity, widi genes that confer drag 
resistance [63-65). Some potential prolilems with this strat- 
egy arc however, apparent. These- include the absence of 
clear cut evidence demonstrating diat higher chemotherapy 
doses translate into improved padent survival, very low 
transduction efficiency of the target human haematopoietic 
cells with retrovirus vectors, the dose>limiting effects deter- 
mined by odier non-haemaiological toxicities, and the fact 
that contaminating cancer cells in the marrow could be 
transduced with the drug-resistance gene, which could 
rapidly give rise to clones of treatment-resistant tumour ceOs^ 

Chemosensiasatum and nuHoscnsituanon 

A third approach of molecular chemotherapy seeks to 
modulate the level of expression of a variety of genes that 
influence the sensitivity of the cell to toxic stimuli, including 
conventiona] chemotherapcutic drugs and radiotherapy. 
Genetic dbemosensitisation can be achieved by inducing 
apoptosis, by inhibiting molecules involved in tumour cell 
resistance, or by enhancing intratumoral production of cyto- 
toxic drugs. To facilitate apoptosis, genes such as p53 may be 
administered to tumour cells to enhance the mechanisms of 
apoptosis induced by chemotherapeutic agents [66]. Our 
group has shown that down-regulation of Bcl-2 protein levels 
by an intracellular anti-Bcl-2 single-chain antibody increases 
drug-induced cytotoxicity [67]. Analogously, genetic down- 
regulation of cettular factots related to chcmotesistance has 
been shown to enhance chemosensitivity [68]. Altemathrcly, 
genes can be administered intratumorally to enhance meta- 
bolic conversion of conventional chemotherapeutic agents. 
For example, transfer of a liver cytochrome P450 gene, 
CYP2B1, into human breast cancer cells greatly sensitised 
these cells to the cancer chemotherapeutic agent cyclopho- 
sphamide as a consequence of the acquired capacity for 
intratumoral drug activation. This effect produced a sub- 
stantially enhanced antitumour activity in vivo (69). Lastiy, 
combinations of conventional chemotherapeutic agents and 
molecular chemotherapy can serve the established rule of 
administering cytotoxic drugs with different mechanisms of 
action and toxicities. For example, one ongoing clinical trial 
is evaluating the association of adenovirus-mediated trans- 
duction of ovarian cancer cells with the tk gene followed by 
administration of acyclovir and the chemotherapeutic drug 
tqpotecan (htq}://www.nih.gov/od/orda/pn>tocol.pdf). 

Several drugs are proven ndiosensitisers, a fact that is 
commonly exploited in the clinic. One of these drugs is 5- 
fhioroundl (5-FU), which can be produced by die cytosine 
deaminase (CD) suidde gene. In diis tegard, molecular 



chemotfaeripy based on CD has been shown to enhance the 
effects of radiation therapy in animal models of gliosarcoma 
and cholangiocardnoma [70]. Tbus, strategies to alter both 
chemosensitivity and radiosensitivi^ by gene transfer appear to 
have potentially wide applicabili^ in many tumour contexts. 

O&sfocfes to molecular diemothtrafy. With all ha promise, 
molecular chemodicrapy also bean some practical limita- 
tions. To date, the strategy of molecular chemotherapy has 
been mainly used in loco-regional disease models to over- 
come the lack of targeted vector systems. In these in situ 
schemes, a vector encoding the toxin gene is administered 
intratumorally or into an anatomic compartment containing ; 
the mmour mass. The goals of this delivery method are to 
achieve high local veaor concentration in cH-der to favour 
tumour transduction and to limit vector dissemination. 
However, transduction efficiencies of presently available vec- 
tors have been shown to be inadequate. Even in the context 
of closed compartment delivery, it has not been possible to 
modify a sufficient number of tumour cells to achieve a clini- 
cally relevant tumoral response [71|. Furthertnore, although 
transduction with HSV-tk followed by ganciclovir treatment 
reduces tumour burden and prolongs survival in various 
model systems, including those utilising intratumoral and 
intraperitoneal (i.p.) administration, the elevated doses of 
vital vector needed to obtain transduction of the majority of 
the tumour cells are associated with limiting toxicity. In fact, 
substantial toxicity and experimental aniraai death have been 
noted [51,52,72]. Thus, the small therapeutic index of cur- 
rendy available veaors in the context of in situ administration 
is a cridcal limiting fiactor for the purpose of gene therapy of 
cancer. Furthermore, and most importantiy, a well-known 
limitation of conventional chemotherapy is also to be ejqiec- 
ted with the use of molecular chemotherapy, i.e. the appear- 
ance of drug-ttsistant tumour subpopulations (Table 1). In 
conclusion, vector limitations and well-known barriera to 
classical cytotoxic manoeuvres impede the full eaq^loitation of 
the promise of a more selective eradication of carcinoma cells 
via the e3q)ression of toxin or protective genes. 

GENETIC IMMUNOPOTENTIATION 
The development of clinically evident tumoun implies the 
obvious failure of the host immune system to recognise and 
eliminate tumour antigen(s), a hypothetical role suggested by 
Thomas and embodied by Burnet under the name of 
*immtme surveillance of neoplasia* [73]. Genetic immuno- 
potentiation strategics attempt to achieve active immunisa- 
tion against tumour-assodated antigens by gene transfer 
methodologies applied either to tumour cells, to enhance 
their immunogenicity, or to cellular components of the 
immune system, to enhance their anti-tumour prowess. 

Genetic modification of immune effecior ceUs 

Cells of the immune system have been modified to aug- 
ment their capacity to recognise and reject tumour antigens 
(74], To this end, gene therapy offers the possibility of 
genetically modifying effector cells and, importandy, this 
intervention can be performed ex vivo, thus avoiding the 
toxicity that characterises most biological ra^onse modifkn 
when administered systemically. 

Tumour it^Urating lymphocyut (TILs), TILs are derived 
from mononuclear cells obtained from leucocytes infikrating 
reseaed specimens of solid tumoura. In the early 1990s, it 
was hypothesised that TDLs could be an enriched source of 
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natural killer (NK) cells and cytotoxic T-lyphocytes (CTLs) 
specific for tumour ancigeni, and could also have tropism 
towards systemic tumour fod. On this basis, technology for 
their expansion in culture was developed, and TILs were the 
first immune ceUs to be geneticaUy modified and applied in a 
human gene therapy clinical trial against cancer [75). It was 
soon observed diat while TILs do Indude CVL and NK 
activated cells, only a few of diese cells in diese mixed popu- 
lations are specific against the tumour from which they are 
isolated. Furthermore, reiniused ULs localised poorly into 
tiunours, and their required expansion in vivo using lLr2 was 
rather toxic. Although several strategies have been applied to 
improve treatments based on TILi and other lymphocytes, 
including an elegant re-;engineering of their tiopism (76,77], 
a modest localisation of TILs in rumouta remains a limitation 
for the efficacy of this poorly tolerated and expensive therapy. 

Genetic modification of tumour cells 

An alternative strategy for trying to augment the anti- 
tumour immune response is to genetically modify mmour 
cells, or to manipulate their components, to faciliute the start 
of a robust inunune response. Thus, it has been hypothesised 
» that a formeriy toletant host may revert its unmune status, 
characterised by tolerance or anetgy, and thus ultimately 
experience tumour rejection. In other words, it is hypothe- 
sised that the host can be 'vaccinated' against the tumour by 
exposing tumour andgens to the immune system in a more 
favotirable context [7S~81]. Most clinical experience with 
anticumour vaccines to date has been obtained in melanoma 
patients. For years, irradiated tumour cells, either autologous 
or allogeneic, were administered in combinadon with differ- 
eoc adjuvants, such as BCG. Later, the molecular definition 
of tumottr-assodated antigens allowed the testing of vaccines 
based on individual antigenic determinants ddivered to the 
patient in the form of pepddes or DNA. More recently, 
tumour cdts themselves have been genedcally modified to 
increase their immunogenidty by transfer of a variety of 
genes, including cytokines such as GM-CSF, cosdmulatory 
molecules such as B7, and MHC molecules. Clinical 
responses have been occasionally observed in melanoma, but 
not in colon or renal cancer [82]. A common requiccment, 
not adequately accomplished routinely yet, is to introduce the 
gene of interest in tumour explants or cultured cells with high 
efficiency. A more fundamental problem has been observed 
in experimental models using tumours naturally arising in 
transgenic mice. In these spontaneous tumours, a dear lack 
of efficacy of vaccines called into question the relevance of 
previously observed responses in animal models of grafted, 
syngeneic tumours [83|. 

Obstacles to genetic immunopotentiation 

The main advantage of genetic immunopotenuadon is the 
possibility of enlisting physiological mechanisms for a poten- 
tially vast amplification of the therapeutic manoeuvre. To this 
end, even modest levels of gene transfer were initially expec- 
ted to be followed by clonal expansion and systemic spread of 
effector immune cells and mediators. Thus, efficiency of gene 
transfer would be not critical, given the relativdy low 
amounts of cdls and gene products needed to obtain a 
potentially powerful response from the immune system. 

The Icvd of gene transfer into tumour and immune effec- 
tor cdls observed clinically has been limited [82], and this has 
been tiiought to pardy explain die poor resulu obtained by 



tumour inmiunotherapy in humans. However, there are 
other, probably more important, obsudes. Factors diat can 
explain the failure of the immune system in the cancer patient 
are legion, and it is not dear which of them are critical in the 
clinical context. Some of these facton may similariy explain 
the failure of ptevious immune therapeutic attempts. In gen- 
eral, a lack of an immune response can be due to inadequate 
immunogenidty of the tumour or to a deficiency of the 
immune system to recognise, respond and re^ct tiunour 
andgens. Reduced tumour tmmunogenicity can be related to 
the absence, heterogeneity and plasticity of tumour-specific 
antigens or the loss of MHC class I molecules on the tum6ur 
cells, which are essential for presentation of cellular antigens 
to effector CD8^ T lymphocytes. Alternatively, it may well 
be that the lack of costimulatory molecules, such as B7, in 
tumour cells and the lack of other Manger' signals in the 
tumour site establishes immune tolerance or ignorance, 
which keeps the tumour from being rejected. In effect, cur- 
rent knowledge of tumour immunobiology establishes that T 
cells able to recognise tumout^assodated antigens can be 
found in vivo and are inducible in vim* Thus, the lymphocyte 
repertoire against these epitopes has not been deleted. How- 
ever, either tolerance to these (tumour) self-antigens haa been 
induced or, in the absence of costimulatory signals, periph- 
eral T cells simply have ignored these antigens or become 
tolerant ([84] and discussion below on che 'danger* model). 
In this regard, induction of tumour antigen-spedfic T cell 
anergy in adoptively transferred cells has recendy been shown 
in experimental models to be an early event in the course of 
tumour progression [85]. In addition, studies with transgenic 
mice that devek>p spontaneous tumours have shown that 
vaccination with tumour cells transduced with cytokines Cails 
to inhibit* tumour onset and progression, whereas the same 
cells are able to immunise non-transgenic mice subsequently 
grafted with tumours [83], Thus, the failure of naturally 
established tumours to present antigens eflidendy, and to 
attraa and activate tumour-specific T cells at the tumour site, 
may impede successful vaccination against cancer antigens. 
Of note, ignorance by the immune system can aboit most of 
the immunotherapy manoeuvres bdng tested and discussed 
above. An obvious consequence ia that cancer vaccines should 
be able by design to break down tolerance to tumour antigens. 

Immune system defidencies can, in turn, be dther gen- 
eralised or regional, including in the latter case the active 
suppression by the tumour of host antigen presentation and 
of effector cells in the local micro-environmenc by expression 
of a vanety of molecules. (For reviews on the mechanisms 
involved in tumour escape see refs. [86,87].) Clearly, the 
presence of immunosuppressive faaon in tumours suggests 
the need to complement any immunotherapy strategy with 
manoeuvres explidUy addressing the intratumoral presence 
of inhibitors of the immune, system response, a combined 
strategy which to our knowledge is yec to be direcdy tested. 
An additional general feature of the immune response to 
consider when designing gene-based immunotherapy is the 
redundant phenomenology of die immune system. Its 
destructive power, occasionally needed in its entire exuber- 
ance, requires a complex network of balances and counter- 
balances to control the pathways of activation and 
termination of the immune response, hiierventions direaed 
to supplement or inhibit single mediators will most probably 
yidd partial physk)logical and dierapeutic results in die best 
case, may frequently yield no mult at all, and occasionally 



( 

Gene Therapy for Cancer 



875 



will produce effecn opposed to diose desired. Thus, combi- 
nadona of cytokiacs are iocieaiingly being used to ay to 
control the complexity of the immune response against 
tumours. In the field of organ transplantation, successful 
induction of tolerance to prolong organ survival has been 
achieved by blocking multiple effector ceOs and mediators of 
the adaptive and innate immune systems. Similarly, it is con- 
ceivable that breaking the tolerance to tumours will require a 
strategy of multiple intervendons inchiding several target cells 
and cytokines. 

NOVEL STRATEGIES TO OVERCOME CURRENT 
LIMITATIONS 
As we have reviewed above, gene transfer therapies are 
remarkably successful in in vitro and in vivo animal model 
systems. In effect, we already know that the malignant phe- 
no^pe can be reverted in tumour cell lines by 'khocking-out' 
or sdding certain genes; that tumours can be eradicated by 
delivery of cytotoxic genes followed by treatment with 
appropriate pro-drugs; and that tumours can be cured in 
murine modek by making the tumour ccUs either more 
immunogenic or by making the immune system cells more 
responsive, via the expression of cytokines, or by inducdon of 
costimulatory and immunogenic molecules. However, over- 
riding limiudons have been made apparent in pre-dinical 
experiments and in the first human gene therapy duilcal trials 
against cancer, as emphasised by die Otfcin-Motubky report 
to the NIH [88] and the first published dinical results. Most 
difficulties in obtaining dinically relevant benefits come from 
the inefficiency of current gene vectors in transducing tumour 
or immune ceUs and their inability to access in a selective way 
target cells distributed systemically. Several avenues for 
improvement have been proposed, and some wDl be suc- 
cinctly reviewed in this secdon. 

Mutation compensation requim quantitative gene transfer 

For mutadon compensation strategies to work successfully, 
it seems that every tumour cell would have to be corrected in 
its genetic defect to achieve a therapeutic outcome. Thus, 
quantitative transduction of therapeutic genes into the 
tumour after in situ administration of the gene therapy vector 
may be an essential requirement. To this end, a variety of 
vector amplification strategies are being explored, including 
replicadve [89,90] and integrative [91] viral systems. 

Replicative vector systems. One method to circumvent 
suboptimal tumour transduction of therapeutic genes in vivo 
would be die use of conditionally replicative viral veaors: a 
replication-competent virus would be employed to replicate 
selectively within infected tumour cells, leaving normal tis- 
sues unaffected. Production of progeny virions from the 
infected tumour cells would then allow infection of neigh* 
bouring tumour cells. Thus, the intratumoral viral inoculum 
would increase, improving the tumour transduction effi- 
ciency. In addition, the use of viruses that display a lytic life 
cycle would allow virus-mediated oncolysis. This effect would 
occur irrespective of the delivered transgene. In both cases, 
an amplification of the antimmour effect would be achieved 
[90,92], The limitations of non-replicativc veaors already 
observed in human trials have facilitated rapidly increasing 
acceptance of this experimenal strategy, once considered an 
eccentric endeavour. 

For clinical application of this strategy, a virus with in vivo 
stability and the capacity for conditional replication widiin 



tumour cells u mandated [93]. Lack of integradioa of the vital 
genome into the ceD cfaromosome seema also deaicable. In 
this regard, bodi recombinattt adenoviruses and herpes 
viruses have the potential to provide the required properties. 
Not only do they display high efficiency and stability in vivoy 
but also dieir replication can be controlled. In the case of 
adenoviruses, replication can be restricted to mmour cells by 
placement of genes needed for viral rq>lication under the 
control of tumour- or tissue-specific transcriptional control 
elements, such as the promoter of the prostate-specific 
antigen (PSA) [94]. Alternatively, muunt adenoviruses have 
been designed to replicate selectively in cells lacking 
functional pS3. Because pS3 is absent in many tumours, the 
replication of this lytic adenovirus would be selective in 
tumours, and a therapeutic strategy for cancer based on 
this concept has been proposed [95). Clinical trials using 
this virus are curremly ongoing) and encouiagsng pre- 
liminary results have been presented [96]. However, exten- 
sive studies in a variety of cell lines and animal' tumour 
models have to date (aUtd to confirm the selective properties 
of the virus to replicate only in p53 mutant tumour cells 
[97,98]. 

Herpes viruses have also been developed that replicate 
conditionally in dividing or mmour cells. This selectivity is 
based on several possible muudons engineered in the viral 
genome that prevent it fiom replicating urilesa the infeaed 
cell provides for a subsamtiiig molecular activi^ [99]. These 
properties have established brain tumours, which are sur^ 
rounded by non-mitotic cells, as an ideal therapeutic model 
for testing replication-conditional herpes vectors. Noubly, 
clinical trials have already begun to test both adenovirus and 
herpes virus-based replicative vector systems for the treat- 
ment of human cancer. 

A small, non-pathogenic virus called parvovirus went 
through human trials of viral oncolysis several years ago. The 
ability of this virus to replicate depends on laaors associated 
with proliferation and differentiation, and as a consequence 
die virus preferentially displays a cytopathic effect in trans- 
formed cells. However, the capacity of the virus to replicate 
and spread robusdy within a solid tumour, and subsequendy 
to induce tumour lysis, appears to be limited. 

As another intriguing example, the capacity of human recH 
virus to replicate selectively in tumour cells having an acd' 
vated Ras signalling pathway has recendy been described in 
an in vivo model [100]. 

Further refinements in replicative vectors are anticipated 
that can significandy enhance the possibilities for the realisa- 
tion of a practical clinical benefit in the context of virus- 
mediated cancer treatment. A systematic analysis of the life 
cycle of a replicative virus reveals four areas where further 
engineering of vectors can bring the required improvements. 
Thus, better vectors would have increased infectious capa- 
city, would replicate with tight selectivity in target tumours or 
tissues, would have an enhanced replicative 'burst', and 
would modulate the local immune response aUowing unim« 
peded regional dissemination throughout die ttunour to the 
required extent. Efforts to realise each of diese features haCe 
already begun in several laboratories [101-103]. As eariy 
examples, our group is developing defective adenoviral vec- 
tors that replicate selectively under the stimulus of the cyto- 
kine imerietdQn-6 [104], or under die controlled addition of 
second vectors carrying replication-enabling DNA sequences 
[105,106]. 
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Hvhnged tramgene expression: integrative vector systems. 
Lack of stabOtty in vivo has confined the use of ret^oviruse8^ 
CO the «x vtfio modification of tacget cells. For in situ gene 
f\ delivery, vectors with high efficiency and stability in vivo, arc 
needed. Of veaor systems with both chatacteristtcs, adeno* 
viruses have been most extensively cfaanictensed and used 
(Table 5). However, adenoviruses also have important lim- 
itations. In addition to a signiAcant inflammatory and 
immune response, an additional basis for the limited trans- 
gene expression associated with adenoviral vectors derives 
from their non-incegradve nature, such that vector sequences 
are not retained in the host genome and are not inherited by 
progeny cells. In this regard, after adenoviral-mediated gene 
transfer, the recombinant genome is present as an episome in 
infected cells. Thus, with the proliferation of transduced 
cells, vector sequences are lost, with the consequence of lim- 
ited duration of transgene expression. For utility in mutation 
compensation, and in other gene therapy strategies it thus 
would be desirable to develop methods to achieve integration 
of adenoviral vector-deliveied transgene sequences in infec- 
ted cells. As a novel approach tq meet this need, we and 
others have developed a chimeric viral , vector system that 
exploits favoturable aspects of both adenoviral and retroviral 
vectors. In this scheme, adenoviral vectors induce target cells 
to function as transient retroviral producer cells in vivo. The 
progeny retroviral vector particles can then effectively achieve 
stable transduction of neighbouring cells [107, 108]. llius, 
the principle of combining selected features of avaflable vec- 
tors into novel dilmeric vectors Is being explored in the 
development of virus-based gene transfer systems [109]. 

Lentivituses are retroviruses that, in contrast to other 
members of the £unil/, can infect both dividing and non- 
dividing celb. This fundamental feature has driven significant 
efforts for die development of recombinant lentiviral vectors. 



although practical issues related to the production and safety 
have to date limited its widespread use. The recent develop- 
ment of novel vector padcaging systems can »gnificBnd{y 
facilitate availabiliiy [1 10], and newsetf-inactivadng leodviral 
vectors can allow safer use [111,112). Efficiency of trans- 
duction of potential cellular targets by pseudotyped lentiviral 
vectors and in vivo utility are intriguing, and have begun to be 
described [112, 113]. 

Prolonged transgene expression: immune tolerance to viral 
vectors. Gene delivery via adenoviral vectors has been asso- 
ciated in vivo with the induction of characteristically intense 
inflammatory and immunological responses. A number of 
specific cellular and humoral immune effector mechanisms, 
together with non-specific innate defence factors, eliminate 
the infecting virus [114-117]. This process, refined over the 
course of millennia for maxima! efficiency, has been asso- 
ciated with attenuation of expression of the transferred ther- 
apeutic gene due, at least in part, to loss of the vector- 
transduced cells. Based on an understanding of the biology of 
this phenomenon, specific strategies have been developed to 
mitigate the process [103] . Of note, the recent development 
of replicative viral vector systems will mandate the effective 
modulation of the anti-viral immune response. 

Manoeuvres to minimise the immune response against 
viral vectors include manipulations, of both the vector and the 
host. Firstly, recombinant viral vectors can be genetically 
engineered to delete viral genes encoding highly immuno- 
genic or cytotoxic viral proteins. However, viral veaors with 
most of then: genomes deleted are more difficult to propagate 
and purify, transgene expression tends to be unstable, and the 
vectors are still not totally devoid of immunogenic properties. 
However, the most recent versions of diese vectors may pro- 
vide adequate production and non-toxic, sustained expres- 
sion of encoded genes for sevecal months [118]. Alternatively, 
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different serotypes and spedes of adenoviruses have been 
proposed to minimise the stimulus for an immune response. 
Secondly^ vectors have been modified to express immuno- 
modulatory molecules. It has been hypothesised that this 
could create a locally privile^ environment for the vector. 
Some of these engineered molecules are viral genes chat 
interfere with the apparatus of antigen presenution [n91j 
such as the adenoviral glycoprotein 19K, the herpes simplex 
virus (HSV) immediate early protein ICP47, or die viral 
intetleukin 10 [120]. Others are recombinant molecules 
designed to imiute the viral proteins mentioned, such as 
antisense oligonucleotides or singlewchain antibodies against 
MHC class I and 11 proteins, or to block costimulation, such 
asCTL4Ig[103]. 

Intervendons on the immune system of the host have been 
adopted firom common practices in the field of organ tnuis- 
plantatton. in this regard, virally transduced cells have been 
considered to behave, to some extent, as allogeneic cell trans- 
plants. Thus, drugs are employed diat inhibit die cellular 
immune response, such as anti-CD4 anubodies, cydospotine, 
dexamethasone, and FK 506. In addition, drugs that 
decrease the humoral immune response, sudi as cyclophos- 
phamide and deoxyspergualin, have been used. Recently, 
several groups have demonstrated transient and more specific 
immune blockade with inhibitors of T cell cosumuladon, 
such as and-GD40 ligand, CTL4]g, and anti-LFA-1 . Ftutfaer- 
mc^, intervendons aimed to decrease the innate response 
have recendy been attempted. For instance, a soluble tumour 
necrosis fiactor receptor has been shown to gready reduce the 
early adenovirus-induced inflammatory response, and to 
prolong expression of encoded genes [121]. Unfortunately, 
the required chronic administrauon of these immunosup- 
pressive dmgs affects systemic immune function and could 
lead to a number of potential complications, such as infection 
and malignancy. Tliis makes them less attractive in principle 
for clinical application, although short-term treatment in 
cancer patients should be feasible. Lasdy, a more specific 
intervention, induction of tolerance to adenovinis veaors, 
has been induced by several manoeuvres, including intrathy- 
mic injection of adenovinis [1 22 J, oral ingestion of adenoviral 
antigens [123], and infusion of antigen-presenting cells 
infected with adenovirus and expressing Fas. ligand [124]. 
Thus, although inflammatory and immunological issues have 
limited the overall utility of adenoviral veaors for gene therapy 
applications, many of the aforementioned strategies appear 
promising, and may ultimately allow diese limitations to be 
overcome, at the very least in the context of cancer treatments. 

Molecular chemoiherapy requires selectivity and amplification 

Any approach to cancer gene therapy involving cither 
molecular chemotherapy or mutation compensation requires 
a high level of efficiency of gene transfer specifically to the 
tumour cells. Selective gene delivery is necessary because the 
number of vector particles available for delivery to the cancer 
cells would be decreased by sequestration by normal, non- 
target cells. This would then allow ectopic expression of the 
delivered dierapeuuc gene, with possibly deleterious con- 
sequences for the normal cells [125]. 

To date, in vivo cancer gene dierapy strategies have been 
restriaed to the treatment of compartmentalised tumours in 
an aaempt to achieve high local vector concentrations and 
relatively efficient mmour transduction. Thiu, molecular 
chemotherapy has been employed in a number of amrnfll 



modeb and dinical trials in which adenoviral or retroviral 
veaors or retroviral vector-producing celb expressing a toxin 
gene have been directiy injeaed into localised neoplasms 
confined within body cavities [72^126-129]. The tumours 
treated in this manner include gll^blaLtoma, mesothelioma 
and ovarian carcinomas. 

However, these attempts to restria expression of the ther- 
apeutic gene to the target cancer cells merely by couiuiing 
vector administration have proved inadequate. In this regard, 
locally administered adenoviral vectors carrying the HSV-iJt 
gene have been shown to disseminate, probably as a result of 
leakage into the blood stream, resulting in a high level of 
liver-associated toxicity [51]. Substantial hepatic toxicity 
related to the absence of tumour cell-specific targeting has 
also been demonstrated in adenovirus-mediated transfer of 
the HSV-rA gene in an ascites model of human breast cancer 
[72]. In addition, in situ injection of adenoviral vectors has 
been associated widi a low level of efficiency of gene transfer 
to die disease cells in human clinical nials [71]. This phe* 
nomenon has been correlated with a paucity of primary 
receptors on die cancer cdb [101, 130]. Hence, it is apparent 
that there is a need to develop a vector which will achieve a 
high efficiency of gene nransfer selectively to target tumour 
cells following compartmentalised administratk>n in order to 
increase the therapeutic index and realise the full potential of 
gene dietapy as a safe approach to die treatment of cancer. 
Moreover, it is clear diat die presendy available vectors are 
inadequate for the treatment of meustatic disease. In order to 
achieve gene delivery to disseminated cancer cells, the vector 
must be administered i.v. In this context, there is a stringent 
demand for specificity of gene delivery to the tumour cells, 
both in order to avoid vector wastage following transduction 
of nontarget cells and, more importanUy, to prevent toxicity 
associated with expression of the therapeutic genes in normal 
cells [125]. Therefore, a means must be developed to modify 
the gene delivery vehicle to permit eflicient gene expression 
specifically in urget cancer cells. 

Targeting, Targeted gene therapy for cancer can be 
accomplished at different levels (131J. In one approach, the 
tumour cell can be targeted at the level of transduction to 
achieve the selective delivery of the therapeutic gene. This 
involves the derivation of a vector that binds selectively to the 
target cancer cell. Alternatively, the dicrapeutic gene can be 
placed under the control of tumour-specific transcriptional 
regulatory sequences that are activated in tumour cells but 
not in normal cells and, therefore, target esq^ression selec- 
tively to the tumour cell. In addition, targeted cancer gene 
therapy can exploit the unique physiology of solid tumours. 

Transduaional targeting. The ability to alter the binding 
tropisni of viral veaors is based on an understanding of the 
basic biology of viral entry. In this regard, attempts to modify 
the tropism of adenoviral vectors have been facilitated by the 
faa diat the entry of adenoviruses into susceptible cells requires 
two sequential steps involving the interaction of two distinct 
viral capsid proteins with specific receptors on the surface of the 
target cell. The initial high affinity binding of the adenovirus to 
the primary cellular receptor (designated the coxsackievirus and 
adenovirus receptor, CAR (132, 133], occurs via die catboxy- 
terminal knob domain of die fibre [134, 135]. The next step 
in infection is intemalisation of the virioi. by receptor-medi- 
ated endocytosis potentiated by die interaction of Aig-Gly- 
Asp (RGD) peptide sequences in the penton base widi sec- 
ondary host cell receptors, intepins a^h and a^Ps (136, t37J. 
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Therefore, stratcgiM to akcr adenoviral trophm arc baaed 
on modification of the vind capsid proteins, fibre and pcntwi 
base, to pcnnit the recognition of alternative ceU^pecific 
receptors. To this end, we have shown thai it is possible to 
redirca adenoviral infection by c."aploying the Fab Ihigiiient 
of a neutralising anti-knob monochnal antibody (MAb) 
chemically conjugated to a cdl-apecific ligand 1138-144]. 
When complcxcd with prefomicd adenoviral vector i^araclcs, 
the bispcdfic conjugate simultaneously abUtcs endogenous 
viral tropism and introduces novel tiopism, tiiercby resulting 
in a truly utgcted adenoviral vertor We have employed a 
number of targeting Uganda, including folate, basic fibroblast 
growdi fiictor, and an antibody directed against the epi- 
dermal growth fiictor receptor. In diis manner, wc have 
demonstrated tiiat tiopism-modified adenoviral vectors can 
infea cells tiiat are reflectory to transduction by the naove 
vector, that iropism-modified adenoviial veaoia can 
enhance gene transfer to target cells; and that this enhance- 
mem in infection can be translated into a therapcuoc benefit 
in two. Wickham and colleagues have similarly retargeted 
adenoviral vectors by means of bispccific antibodies, in this 
case comprising a MAb to an epitope engineered m the 
ponton base and a MAb to a cdl surface receptor (145, 146] . 
However, tfiis approach to die generation of tropism-mod- 
ified adenoviral vectors suffers from a number of limitations. 
In particular, since die targeting lig^md is not covalently 
coupled to die adcnovinis particle, thert is Ac potenoal for 
the bispedfic conjugate to become dissociated firom the 

vector. J' J /v_ 

The drawbacks inherent in any strategy to redirect adeno- 
virus tropism by complexing die vector particles with bispe- 
cific targeting conjugates could be avoided by the direct 
Kcnetk engineering of tfie viml capsid proteins to contam 
cdl-targeting ligands. In this regard, die carboxy termmus of 
the adenovirus fibre protein can be modified to incotpome 
targeting motifs with apedfidty for ceUular rcceptonj [147- 
150]. In an alternative approach, it has also been reports 
that targeting Uganda can be incorporated vritiiin the so^alled 
HI loop of the fibre knob [101.1511. Adenoviral v«^ors 
whidi have been engineered to incorporate ddier a polylysme 
motif at the carboxy terminus of the fibre [147, 150] or an 
RGD motif at the carboxy terminus [149J or in die HI loop 
[101] have demonstrated significandy enhanced infecaon of 
cancer ccU fines and primary tumour celU whidi express low 
levels of die primary adenovirus receptor. Thus, diese geneuc 
modifications to die fibre protdn have resulted m a^anded 
tropism by succcssfiilly redirecting adenovirus binding to 
alternative cdlular receptors. 

The next diaUcnge in diis field will be to emptey geneac 
mediods to engineer adenoviral vecwrs with specificity for a 
single target ceU type. In addition to recopusing novel 
«:ccptor8, such vectors should also lack the abdity to bind to 
the native primary adenovirus receptor. This could be 
accomplished by siic-dirccied mutagenesis of die fibre knob 
domain to eliminate die cell-binding site. An important con- 
sequence of die ablation of native adenovirus tropism b that 
it will not be possible to propagate these vctton on standard 
ccU lines that express die fibre receptor. However, we have 
recenUy devdoped a novd artifidal primary receptor tiiat can 
be recognised by adenovirus veciora that fail to bind die 
native fibre receptor [152]. This technology should be usefid 
in die propagation of genetically modified, truly targeted 
adenoviral vectors. 



In contrast lo adenoviruses, retroviruses employ a smglc 
envelope riycoprotdn to accomplish bodi bindmg to the eel- 
lular receptor and the subsequent step of membrane fiision. 
As a consequence, modification of retrovinil tropism has 
proven problematic, widi few reports of modified envelope 
proteins which retain diese two functions of bmduj|^nd. 
fiision [153] . A number of molecules, including single^n 
antibodies, growth fsv.on and cytokines, can be gcncocaUy 
incorporated into die retroviral envelope glycoprotein, 
whereupon tiiey confer novel binding specificiaes mto die 
engineered vind particles. However, some of diesc surface 
displayed polypeptides failed to mediate retroviral mfecuon; 
radier. diey proved inhibitory to gene delivery by die mod- 
ified vectors. In an elegant approach to overcome this obsta- 
cle, Russell has incorporated a protease cleavage site into die 
design of die retargeted vector. Thus, upon contact vnth 
proteases expressed on die surface of die urget ceU, die inhi- 
bitory polypeptide is cleaved from die viral surface, tiiereby 
restoring infecdvity. To date, tropism-modificd retroviral 
vectors have suffered from significandy lower vind utrcs than 
die parental vectors and it is dierefore not yet proven possible 
to employ targeted retroviniscs w Mtw. 

A key factor in any iransducdonal targeting scheme » die 
availability of appropriate specific molecules on die target 
cells tiiat can be exploited. To date, a somewhat restricted 
range of urgeting moieucs have been chosen ddicr for proof 
of principle or for tiieir ability to bind to die relatively short 
list of previously identiaed cellular receptors. However, a 
iiumber of groups have described systems which fiuidamcn- 
tally share die similarity of examining libraries of pcpodes 
displayed on die snrftcc of bacteriophage for dieir ability to 
bind to specific ceU types, bodi m vitro md in vivo [1 54, 1551. 
Thus, a powerfiil new technology has been developed which 
allows die rapid isoUtion and^screcning of potenoal nimour- 
spccific ligands, witiiout rcqiuring that die tai get of die ligand 
be identified. This approadi should, dierefore, prove to be a 
high tiiroughput mctiiod to permit die derivation of trans- 
ductionally targeted veaois for cancer gene tiierapy. 

Transcriptional tar^ting. Transcriptional Urgeting has found 
wide application in die area of molecular chemotherapy 
vi^ere mmour- or dssufrspecific regulatory sequences have 
been employed to restria expression of die prodrug-convcrt- 
ing enzyme specificaUy to die target cancer celU. For exam- 
ple, transcriptionally uigeied adenoviral vectors expr^smg 
toxin genes under die control of die tumour-spccific alpha- 
fetoprotein promoter have been employed in molecular chemo- 
dierapy approaches to hcpatoccUular carcinoma (156,1571. 
The selective expression of die dierapeudc gene in the target 
hepatomas suggests diat transcriptionally targeted adenoviral 
veaore would be of dinical utility in odier diseases. However, 
it has been reported diat certain tuinour-specific regulatory 
elements lose dieir specificity, in die context of an adenoviral 
vector. Further limitations cofine from die prohibitively large 
size of many regulatory sequences, which exceed die capaaiy 
of certain current vectors. However, novel gene transfer sys- 
tems widi larger capacity are being developed and could be 
employed to overcome diis limitation— dicsc vectors mduac 
gutiess adenoviral vcaon (1581 and reviewed in [117] and 
recombinant heipcs virus [ 1 591 . 

To date, urgetcd gene dierapy has been attempted by 
employing cidier traniductional urgeting or transcriptional 
targeting alone. However, it shoukl be possible to enhance the 
overall levd of sptdficiqr by combining die complemcntaiy 
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approaches of tnuasductioaal and cnuscriptional targeting, 
eadi of which might be imperfect or leaky* by itself [131]. 

Targeting straugUs exploiting tumour physiology. As deacii* 
bed abovej current approaches to targeted gene therapy for 
cancer have exploited cellular and molecular differences 
between normal and malignant cells. However, the physiol- 
ogy of solid tumours at die micro-environmental level pro- 
vides a unique and sdecdve ttrget for cancer treatment 
[160, 161]. The regions of hypoxia and necrosis within solid 
tumours present opportunides for urgeted, tumour-selective 
gene therapy. For example, the hypoxic environment of solid 
tumours provides a selective - means lo control gene tran- 
scfipdon based on lower oxygen levels compared with normal 
dssues. Gene therapy strategies activated by hypoxia could 
include the transcripdonal control of a prodrug-acdvating 
enzyme by a hypoxia-responsive element Of course, this 
approach will still require a means of delivering the constructs 
specifically to the tumours. Gene therapy strategies could 
similarly be designed to exploit tumour necrosis. In this 
regard, certain species of anaerobic bacteria of the genus 
Cloitridium can selectively germinate and grow in hypoxic/ 
necrotic regions of solid tumours after i.v. injection of spores 
[162]. Thus, it might prove possible to exploit Clostridia as 
gene therapy vectors engineered to express therapeutic genes, 
e.g. a prodrug-activating em^e. 

Modulation of the bystander effect, limitations of current 
vectors preclude direct genetic modiacation of a significant 
proportion of malignant ceDs in tumours. It is, therefore, of 
paramount importance for obtaining clinically relevant results 
to extend the effects of therapeutic gene expression from the 
transduced cells to neighbour non-modified cells. Several 
manoeuvres may be undertaken to extend the magnitude of 
this required bystander eflecL First, survival of genetically 
modified cells can be prolonged. By doing this, modified cells 
can sustain longer the expression of the therapeutic gene, 
thus enhancing the exposure of bystander cells to its protein 
product For example, the expression of the cydin-dependent 
kinase inhibitor p27 inhibits DNA synthesis and, thus, ren- 
ders the cells resistant to concomitant herpes simplex vims 
thymidine kinase/ganciclovir (HSV-t*/GCV) treauncnt 
These cells with augmented survival are thus, allowed to 
prolong the time during which they can pump out cytotoxic 
.metabolites, and hence die bystander eifea is increased 
[163]. However, diis intervention should not compromise die 
capacity for eradication of the genetically modified cells, 
which could dangerously equate this strategy to the genetic 
induction of resistance to treatment. Second, the definition of 
the molecular basis of the bystander effect allows novel 
interventions to increase direcdy its magnitude. The inter- 
cellular gap junctions, for instance, are known to mediate at 
least in pan die bystander effea of HSV-t^GCV treatment. 
Retinoic acid and the drugs apigenin and lovastaun up- 
regulate the function of the gap junctions, and have recendy 
been shown to increase considerably the killing effea of 
HSV-tklGCV bodi in vitro and m vivo [164,165]. Con- 
ceivably, genes diat encode gap junction molecules can also 
be transferred into tumour cells for increasing the bystander 
effect Third, it is possible to employ therapeutic genes diat 
can be secreted and exert their function in an autocrine and 
paracrine manner, thus extending regionally their effects 
against die tumour or its supporting stroma. For instance, die 
secretkin of a soluble receptor for an essential angiogenesis 
factor can compete regionally for the natural receptor. This 



blodcade limits binding of the angiogenic growth lactor co the 
natural receptor, and conscqucndy restricts the devdopment 
of the tumour vasculanirci thus leading to tumour suppres- 
sion (23, 24]. There Is, therefote, accumulating evidence dmt 
die modulation of die bystander effect can regionally amplify 
die effects of therapeutic gene transfer, and can contribute to 
overcoming the limitations of current veaor systems. 

CeUular vehicles. Vectors with the capacity for targeted 
systemic gene delivery have not been available, and this fact 
has limited die overall efficacy of gene dierapy in cancer, 
including molecular chemotherapy strategies. As an alter- 
native to viral and odier nonviral vectors, cells have been 
employed for gene delivery. In this approach, the cells are 
removed from the body and therapeutic genes are transferred 
into diem exiracorporally, followed by autologous re-implant- 
ation into the patient In this maimer, the genetically mod- 
ified cell becomes itself the ultimate vector for gene delivery. 
Examples of primary cells commonly used in this context, so- 
called 'cellular vehicles', afe T lymphocytes, hepatocytes, and 
fibroblasts. 

For application of cell vehicles in the context of dis- 
seminated diseases, a cellular vector should possess the attri- 
butes of systemic distribution and appropriate tropism, and 
should be readily available. In this regard, circulating endo- 
thelial progeniton have recendy been described [166, 167]. 
Phenotypically, dicsc cells arc charaaeriscd by the expression 
of the cellular surface markers CD34 and Flk-1, a receptor 
for vascular endothelial growdi faaor. A very intrigaiag 
aspea of their behaviour, originally described in animal 
models of limb isdhaemia, is their capacity to localise into 
areas of angiogenesis after their systemic administration. A 
variety of genes could conceivably be introduced in these 
cells, and expression of genetic payloads could be obtained in 
the environment where diese cells ultimately localise. A loco- 
regional effect subsequent to die expression of the therapeutic 
gene woukl thus be achieved in areas otherwise poorly acces- 
sible to gene transfer. Therefore, endothelial progeniton may 
represent a novel cellular vector approach with unique fea- 
tures, based on their capacity for systemic circulation and 
their peculiarly advantageous natural tropism to areas of 
active angiogenesis. To be exploitable in a gene therapy con- 
text, however, it is critical for these endothelial progeniton to 
be primarily amenable to efficient and safe genetic modifica- 
tion for delivery of the paytoad therapeutic genes. Unfortu- 
nately, genetic modification of human and non-human 
primate CD34^ cells widi a variety of viral vectors has been 
persistendy hampered by very low efficiency. Efforts are cur- 
rendy undergoing in several laboratories, including oun, to 
improve gene transfer into CD 34* cells without unduly 
compromising their phenotypc and function by using novel 
vectors ex wVo, and for evaluating the potential of endothelial 
progeniton for systemic gene delivery into metastatic cancer. 

In addition to autologous celb, gene therapy based on 
genetic modification of non>autologous cells has been 
attempted. Protection within immuno-isolaung devices 
would allow implantation of well-established recombinant 
cell lines in different hosts, offering a cost-effective approach 
CO gene therapy of cancer when long-term treatment is 
required (168). 

Genetic immunopotentiation to break immune tckranu to tumours 
Cancer inununodienpy is yet to be realised as a diera- 
peutic approach in die oncologist's armamentarium. New 
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ways to consider the munune response against tumoun ate 
probably needed if gene transfer is going to be apptied in a 
clinically relevant way. Novel gene therapy approaches that 
exploit the accumulating knowledge on cytokines and cells 
involved in the immune response arc mounting. They have 
been reviewed extensively [169, 170]. We would tadier first 
emphasise a novel concq>tuaI firamework developed in recent 
yeais diat can offer new insights on the entire approach of 
cancer immunotherapy. Secondly, we will focus on gene 
therapy strategies that, within this theoretical framework, 
seem particularly apt for offering useful biological informa- 
tion and therapeutic potential. 

Danggr venus tolerance. The classical paradigm of tumour 
immunology considers the responses of the immune system 
to follow a model of disciiminadon between *seir and 'non- 
self antigens. According to this paradigm» cancers, as 
microbes, are *non self and a major funcdon of the immune 
system is to seek out and destroy new cancers as they arise. 
The practical corollary has been a very intense eifort to 
develop tumour 'vaccines'. However, an alternative theore* 
tical model has been proposed by Polly Matzinger to explain 
and modulate the reladonship between the immune system 
and a gcnedc disease [17l]« In this view, termed the 'danger' 
model, the need to defend the organism against exogenous 
lethal pathogens and the need to avoid lethal auto-immunity 
are equally balanced. According to this new paradigm, to 
avoid auto-immunicy the deiault reaction of T cells to and- 
gens on non-haematopoietic tissues is tolerance, and it is the 
role of the antigen-presenting cells to detea and report to T 
cells siniadons of dangerous dssue distress (for instance, the 
beginning of either an inflammatory reaction or dssue 
damage) that are worth its acdvadon into cytotoxic T cells 
[84, 172]. K tissue cells normally induce tolerance in suscep- 
tible T cells, it is predicted that the de&uk immune response to 
tumour antigens occurring in those tissues Is tolerance as well. 

This model can change the emphasis applied in certain 
immunotherapy strategies. In the classical model, importance 
is given to the identificadon of tumour antigens and elabora- 
tion of vaccines based on these antigens. Furthermore, it is 
expected that once activated, the immune response against 
cells bearing tumour antigens will proceed until their com- 
plete elimination.. In contrast, the danger model would sug- 
gest potentially more relevant new goals such as the 
orchestration of inflammatory processes in tumour foci, the 
activation of dendritic cells and other antigen presenting cells, 
and the direction of T lymphocytes towards the tumour. In 
other words, the aim should be to recruit not only the adap- 
tive immune response but also and most imporundy the cells 
(macrophages, neutrophils, NK cells) and mediators (cyto- 
kines, chemokines) of the innate immune system [84] that 
establish the immune response in the context of activating 
'danger*, and make it distinct from tolerogenic immune 
responseii. Importantly, these manoeuvers, including vacci- 
nation, should be maintained undl elimination of the tumour 
to avoid its default tolerogenic effects. 

Polynucleotide immunuation. Pursuant to the successful 
application of die strategies of mutadon compensation and 
molecular chemotherapy, obtaining vector targeting and 
amplification is a critical goal. In contrast, for some genetic 
immunopotentiation strategies, it may appear that a sophisti- 
cated vector is not absolutely needed to faciliute the other- 
wise inefficient nransfer of DNA into tumour or immune 
system cdls. 



The possibility exists for eliciting potent, prolonged, and 
specific immune responses through the mtnmuscular injec- 
tion of fragments of nucleic acid encoding tumour-associated 
antigens (173, 174). This so-called 'polynucleotide immuni- 
sation* (PKI) approach offen several advantages with respect 
to classic protein immunisation. First, synthesis of the antigen 
(or antigens) in eukatyotic cells m vivo is more likely to result 
in a protein that is correcdy fokled and with its antigenic 
domains adequately presented. Second, PNFI elicits a CDS ^ 
cytotoxic T lymphocyte response in addition to a humoral 
response. Third, long term expression of the encoded antigen 
may favour long-lived immunity. Of note, the danger model 
would recommend that, to avoid toleradon, repetitive immu- 
nisations that involve local inflammatory responses should be 
adnunistered to keq) the association between danger signals 
and the encoded antigens. Fouith* several nucleotides could 
easily be combined for induction of responses against multi* 
pie relevant antigens. Fifth, safety concerns related to virus- 
derived or cell derived vaccines are obviated. Suth, manu* 
facturing and use of recombinant DNA may have economical 
and logistic advantages with respect to standard vaccines. 
Polynucleoddes in the form of both DNA and RNA can be 
used. For example, plasmid DNA encoding cardnoem- 
bryoiuc antigen, a non-transforming tumour-associated anti- 
gen, has shown prolonged humoral and lympho-proliferative 
responses in non-human primates [174J, and is being tested 
in a clinical protocol for colorectal cancer patients. Trans* 
forming tumour-associated andgens, such as erbB*2, may be 
encoded by RNA constructs that avoid the risk of integration 
of a potendally oncogenic sequence and arc expressed only 
transiendy. Once the antigen is expressed in myofibres, its 
presentation to the effector cells follows an unknown path- 
way, but is known to induce antibody production, T cell 
proliferation, lymphokine release^ generation of CTL, and 
delayed hypersensitivity reactions. Importantiy> encouraging 
results in animal modds have been followed by clinical trials 
for both immune protection and therapeutic applications. 
Although tumours are andgenically heterogeneous, the 
hypothesis is that immune responses against the polynudeo- 
tide-encoded antigens can break immune tolerance for the 
tumour via a single epitope, which, in turn, would alert the 
immune system to die existence of the tumour as a foreign 
entity, provoking a systemic response. . 

Enhanced antigen presentation by geneticalfy modified 
dendridc cells. As we reviewed above, most tumours are 
ignored by the immtme system. Thus, mmour antigcn-spe* 
cific T lymphocytes, which are certainty present in die 
immune repertoire, are not activated and migrate systemically 
without showing any special tropism towards its cognate 
antigens present in the tumour sites. This has been paidy 
attributed to a lack of activatu>n and antigen presentation by 
dendritic cells (DCs) in cuniours [175,176]. Indeed, DCs 
infiltrating several tumours Ibck B7-t and B7-2 molecules, 
which reveals a non-stimulatory status and impedes die 
encounter by T lymphocytes of the required 'signal 2' on 
DCs for antigen-specific activadon. However, when auto- 
logous DCs are expanded and exposed ex vivo to tumour 
antigens and these DCs are dicn reinfiised, activation of 
tuinour-spedfic cytotoxic T lymphocytes ensues. In animal 
models, this intervention achieves a protective effect against 
subsequent exposure to tumours and^also can induce a ther- 
apeutic effea in tumours already present [1 75]. This strategy 
is currendy being explored in patients [177]. 
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Multiple vectors are being tested for delivering tumour 
antigens into DCs, including viral vectors, naked DNA, 
RNA9 tumour lyaatea* and peptides [178j I79J. It is possible 
that methods that masdmise exposure of DCs to a variety of 
tumour antigens may have an advantage by overcoming the 
expected emergence of antigen-loss variants as well as natural 
immunovariaiion of tumours [180]. Importantly, fusion of 
DCs and tumour cells have also sbovm the capacity to revert 
established immune tolerance [181). This concept has been 
tested in transgenic animals tolerant to the antigen MUC1> 
and refractory to vaccination with irradiated MUC-1 positive 
cells. Immunisation with the dendritic cell Jusion that express 
MUCl resulted in the rejection of established metasuses and 
there was no apparent autoimmunity against nomnal tissues. 
These findings demonstrate that tolerance to tumour-asso- 
ciated antigens can be reversed, and suggest that immunisa- 
tion with hybrids of dendritic and carcinoma cells may be a 
powerful methodology for whole cell vaccination against 
cancer. 

Revenal 0/ mmouMnduad immunosuppmsum. DCs are 
conceived as a powerful way to stimulate tumour-spedfic T 
cells. It may be, however, that a robust generation of such 
cytotoxic T cells is not enough for rejecting esublished 
tumours, as has been shown in elegant animal models [182]. 
Indeed, this can be predicted from the anatomy of the T cell 
response, whereby it is critical not only for DCs to uptake 
tumour antigens in the tumour site, mature and migrate to 
lymph nodes, and present antigens to T lymphocytes. But it 
is additionally needed for stimulated antigen-spedfic T lym- 
phocytes to home assertivdy into the possibly widespread 
tumour sites, and keep their activation and proliferation 
therein^ despite numerous immunosuppressive signak. Fur- 
ther strategies may be needed, therefore, for (1) attracting 
and activating the turaour-spedfic T cells into various 
tumour sites [183, 184]; (2) inhibiting the local production of 
immunosuppressive molecules, such as TGF beta [185], 
interieukin-10, VEGF, and fas ligand; and (3) counteracting 
the antigen variation and down-regulation of antigen pre- 
sentation. It can be conduded that a systematic intervention 
widi multiple targets at the different pathophysu>logical levds 
mentioned seems a reasonable programme to achieve a 
meaningful antitumour immime response. 

CONCLUSION 
The delineation of the molecular basis of cancer allows che 
possibility of specific intervention at the molecular level for 
therapeutic purposes. To this end, three main approaches 
have been devdoped: mutation compensation, molecular 
chemotherapy, and genetic immunopotentiation. For each of 
these conceptual approaches, human clinical protocols have 
entered testing in phases I and II to assess dose escalation, 
safety and toxicity issues, and more recently to evaluate 
efficacy, respectively. However, major problems remain to 
be solved before these approaches can become effective 
and common place strategies for cancer. Principle among 
these is the basic ability to deliver therapeutic genes quanti- 
tatively, and spedllcally, not only into tumour cells but also 
into tumour-suppoiting tissues and effector cells of the 
immune system. As vector technology fulfils these stringent 
requirements, it is antidpated that the promising reatilts 
already observed in pre-dinical studies will translate quickly 
into the clinic for amelioratbn of life-threatening malignant 
diseases. 
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Targeting tumour suppressor gene pathways is an attractive 
therapeutic strategy in cancer. Since the first ctinicai trial took 
place in 1996, at least 20 other trials have investigated the 
possibility of restoring p53 function, either alone or in 
combination with chemotherapy, but with limited success. 
Other recent clinical trials have sought to harness abnorm- 
alities in the p53 pathway to permit tumour-selective 
replication of adenoviral voters such as aiS20 (Onyx- 



015). Other tumour suppressor genes, such as retinoblasto* 
ma (Rb) and PTEN (phosphatase, tensin homologue, 
deleted on chromosome 10), are the targets for imminent 
clinical trials, while microarray technologies are revealing 
multiple new genes that are potential targets for future gene 
therapy. 

Gene Therapy advance online pub}k:ation, 5 February 2004; 
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In brief 



Progress 

• Clinical trials of p53 gene replacement have had 
limited success 

• Replicating adenoviral vectors targeting abnormal 
p53 function have also had limited success in clinical 
trials 

• Targeting the Rb pathway: Rb mutants may be more 
potent tumour suppressors than wild-type Rb 

• New oncolytic adenoviruses also target the Rb path- 
way 

• The INK4/ARF locus provides two potential targets 
for gene therapy 

• PTEN expression alters metastatic potential and 
reduces neovascularization 

» Multiple new tumour suppressor genes offer new 
therapeutic possibilities, especially mda-7 and 
OPCML 



Prospects 

• The ability to induce growth arrest and apoptosis 
in vitro does not guarantee clinical success. 

• Fuller understanding of downstream targets of p53 
and Rb is necessary. 

t Clinical trials of second-generation oncolytic viruses 
targeting Rb pathway will be eagerly awaited 

• Combinations of tumour suppressor genes may offer 
new greater therapeutic potential 

• New tumour suppressor genes will be discovered 



Introduction 

It has long been recognized that the development of 
invasive malignancy requires multiple genetic events, 
and modem technologies now suggest that tens, if not 
hundreds, of genes may be aberrantly expressed in 
malignant cells.' * In the last decade, studies on p53 
replacement have dominated the literature and it 
remains the only tumour suppressor gene to be 
evaluated formally in clinical trials. Here, we review 
the progress that has been made in the past 2 years in the 
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field of tumour suppressor gene therapy and the future 
prospects for utilizing pathways other than p53, includ- 
ing the well characterized, such as retinoblastoma (Rb) 
and PTEN (phosphatase, tensin homologue, deleted on 
chromosome 10), as well as those described more 
recently, such as melanoma differentiation associated 
gene-7 (mda-7) and opioid binding protein/cell adhesion 
molecule-like gene (OPCML). 

Clinical trials of p53 gene replacement have 
had limited success 

After the promise of the first clinical trial of p53 gene 
replacement in non-small-cell lung carcinoma in 1996, 
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those published in the past 2 years^^ have been some- 
what disappointing. In a neoadjuvant bladder carcinoma 
trial^ 12 patients received either intratumoral or intra- 
vesical injections of an adenovirus-encoding wild-type 
p53 (Ad p53) 3 days prior to radical cystectomy. 
Interestingly, transfection efficiency was much greater 
following intravesical administration and, overall, 7/11 
(64%) evaluable patients (including 7/9 of the intravesi- 
cal cohort) had evidence of transgene expression by 
vector-specific reverse-transcriptase PCR (RT-PCR)/ as 
well as some evidence of increased expression (both 
mRNA and protein) of p21*^*"/°p\ a p53 target gene. 
By contrast, in patients with locally advanced blad- 
der cancer treated with intravesical Ad p53 at compa- 
rable doses/ only 2/7 (29%) tumoiu^ demonsh-ated 
p53 transgene expression, with no detectable changes in 
the expression of either p2l^*"/c^p^ or Bax, When 
comparing transgene expression in these two bladder 
cancer trials, it is possible that the larger instillation 
volume (120 ml) and the use of a transfection-enhancing 
agent in the neoadjuvant trial 5 contributed to the higher 
transfection rates. 

In a phase I recurrent glioma trial, 12 patients received 
intratumoral Ad p53 at doses between 3 x 10'** to 3 x 10^^ 
particles, followed by tumour resection, at which time 
more Ad p53 was injected into the tumour bed/ Before 
Ad p53 injection, only one of eight assessed tumours was 
p53 positive (by immunohistochemistry), while 10/12 
showed nuclear p53 staining after injection and 7/8 
showed positive staining for p21^*"''°P\ However, the 
zone of transfected celb extended no more than 8 mm 
from the injection site and the median overall survival 
for the whole cohort was only 43 weeks. 

In non-small-cell lung cancer, intratumoral injection of 
7,5 X 10^^ particles of Ad p53 every 21 or 28 days 
produced transgene expression in 17/25 (68%) tumours, 
Patients also received chemotherapy (either carboplatin 
and paclitaxel or cisplatin and vinorelbine), but the 
frequency of overall tumour response was the same in 
Ad p53-injected lesions and noninjected lesions (52 
versus 48%, respectively). However, there was a sugges- 
tion that the Ad p53-treated lesions reduced in size by a 
greater amount than the noninjected controls. 

Ovarian cancer is traditionally thought to be an 
appealing target for clinical gene therapy because the 
disease tends to remain localized within the abdominal 
cavity, so that intraperitoneal vector delivery is a rational 
strategy- The extensive experience of p53 gene therapy in 
this disease culminated in a randomized phase III trial in 
which women with p53-null or p53 mutant tumours 
were randomized to chemotherapy alone or chemother- 
apy plus intraperitoneal Ad p53 following optimum 
debulking primary surgery. However, the first interim 
analysis indicated that not only did Ad p53 fail to 
improve effectiveness but was also associated with 
increased toxicity. As a result, the study has been 
abandoned (reported in Zeimet and Marth"). 

Despite the limited clinical efficacy, some positive 
factors have emerged from these trials. Firstly, it is 
noticeable that the trials have been designed with 
credible scientific as well as clinical end points. Secondly, 
except for the experience in the ovarian phase III trial, of 
which few details are available, treatment has largely 
been well tolerated with minimal toxicity. However, one 
must address why the trials were relatively unsuccessfiil 



and two broad possibilities emerge. Firstly, there remains 
the perennial problem of optimizing gene transfer. 
Improving gene transfer in the clinical setting with 
delivery of vectors to tumours disseminated throughout 
the body is a huge problem and lies outside the scope of 
this review. Secondly, there remains the possibility that 
p53 is the 'wrong' transgene. Although p53 mutations 
are found in many malignancies and defective p53 
function may be causally linked to chemotherapy 
resistance," many aspects of p53 biology remain unan- 
swered, especially what determines whether cells under- 
go apoptosis or cell cycle arrest in response to p53 
activation.^^ There is some evidence that low-level p53 
expression, such as is likely to result from adenoviral 
gene transfer, causes cell cycle arrest rather than cell 
death. Also, the proapoptotic function of p53 depends 
upon transactivation of genes such as Bax, Apaf-1, Fas 
and PTEN, whose own expression or activity may be 
abnormal in tumour cells." It is known that mutant p53 
can act in a dominant- negative manner in p53 tetra- 
mers," which could negate the effect of ectopically 
expressed wild-type protein. Finally, there is evidence 
that polymorphisms of the p53 gene (especially codon 72 
- arginine versus proline) can determine the responsive- 
ness of tumours to chemo- and radiotherapy by influen- 
cing inhibition of p73." Only once all these issues have 
been addressed is there likely to be any advance in the 
field of p53 gene replacement. 



Replicating adenoviral vectors targeting 
abnormal p53 function have also had limited 
success in clinical trials 

The adenovirus ElB 55kDa protein suppresses p53 
function in infected cells and ElB 55K-deleted adenoviral 
vectors may be. able to replicate within and cause 
cytolysis of tumours with defective p53 function. In the 
past 2 years, six separate phase I/II trials of such a virus 
(variously known as dll520, Onyx-015 and CH042) have 
been published, in a range of tumour types, including 
colorectal,'*-" ovarian " and pancreatic carcinomas,^^*" 
and in patients with liver metastases from gastrointest- 
inal malignancies,'* A total of 93 patients received doses 
of up to 2 X 10'^ viral particles per injection with no 
objective clinical responses seen in any patient treated 
with dll520 as a single agent. However, in combination 
with chemotherapy, some responses were seen; with 
5-FLJ, eight patients with colorectal liver metastases 
demonstrated either partial or minor responses, at least 
five of whom had previously been refractory to S-FU.'*-" 
In primary pancreatic carcinoma, two patients had 
partial responses in combination with gemcitabine.^^ 

One complexity in analysing these results is that it is j 
now apparent that cellular p53 status is not the only = 
determinant of the replication of this virus.^° There have 
been many reports of replication within cells that are p53 
wild type and there is contradictory evidence on the 
possible importance of the mdm-2/hdm-2 inhibitor ) 
pl4Arr 21.22 Similarly, ElB 55K almost certainly has ' 
functions in addition to p53 suppression, including / 
modulating viral and cellular mRNA nuclear transport • 
and stimulating late viral mRNA translation. Given this, 
the results of the trials and the uncertainties over p53 
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replacement it seems unlikely that any further signifi- 
cant progress will be made with dll520. 

Targeting the Rb pathway: Rb mutants may 
be more potent tumour suppressors than 
wild-type Rb 

Rb is the paradigmatic tumour suppressor gene, origin- 
ally postulated in 1971. It is the target for transforming 
viral proteins such as HPV E7 and adenovirus ElA, 
inactivation of the Rb and p53 genes alone can induce 
malignancy in mouse models^^ and abnormalities in the 
Rb pathway and the Gl/S checkpoint probably exist in 
all malignancies.** The pathway has many components 
that are potential targets for therapy (see Figure 1), Upon 
growth stimulation, cyclin D expression increases and it 
forms complexes with cychn-dependent kinase 4 (cdk4) 
or cdk6 and these complexes sequester the cdk inhibitor 
p27^p' from cycUn E/cdk2. The cycUn D/cdk4 and 
cyclin E/cdk2 complexes are now able to phosphorylate 
Rb and this phosphoiylated form of Rb can no longer 
bind the E2F family of transcription factors, freeing E2F 
to transactivate the genes necessary for S-phase entry. 
The activity of cyclin D/cdk is also controlled by the 
INK4 family of inhibitors, of which pl6''^*^ is perhaps 
the best known, 

Rather surprisingly, there have been many fewer 
shidies on replacement of Rb family members than 
p53. Early reports suggested that the ability of Rb 
expression alone to inhibit tumour cell growth is variable 
and Rb expression may paradoxically, inhibit p53- 
induced apoptosis.^ Rb phosphorylation mutants and 
truncated variants may have enhanced tumour suppres- 
sor function compared to the wild-type protein. One 
such derivative is Rb'*, in which translation is initiated 
from a second AUG codon in the Rb mRNA and which 
lacks the N-terminal 112 amino acids of the full-length 
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Figure 1 Rb pathway. In response to a mitogenic stimulus, cyclin Djcdki 
complexes form and sequester p27 and other WaflfOpl family members. 
The cyclin DjcdH and cyclin E/cdk2 complexes are then free to 
phosphorylate Rb. This frees members of the E2F family to transactivate 
genes necessary for $-phase entry. pl&^''*^ inhibits cyclin Dfcdki and 
thus prevents Rb phosphorylation. 



protein. There is evidence that Rb^ has a longer half-life 
than Rb itself and remains in the hypophosphoiylated 
form for extended periods. Two recent reports suggest 
that adenovirus-mediated Rb'^ gene transfer can induce 
apoptosis in models of head and neck^* and bladder^^ 
cancers, with minimal effects on nonimmortalized 
normal cells. Of note, Rb** appears able to induce cell 
death regardless of the Rb status of tumours, unlike the 
full-length protein, which is not effective in tumours 
bearing wild-type Rb. One potential explanation for this 
is that Rb^, in addition to generating caspase-mediated 
apoptosis, appeared to induce cell cycle blockade at G2/ 
M (rather than Gl) and also rapid telomere erosion with 
ensuing chromosomal instability. Although it had pre- 
viously been reported that full-length Rb could inhibit 
telomerase, the cell cycle findings are novel and as yet 
unexplained. 

Another Rb variant, Rb^*, is also a C-terminal 
derivative. It contains the regions necessary for E2F 
binding and may be capable of inhibiting E2F-mediated 
transcription more efficiently than full-length Rb. Recent 
work on Rb" has demonstrated the ability of a fusion 
protein, consisting of Rb^ and the DP-1 binding domains 
of E2F to induce cell cycle arrest in vascular smooth 
muscle cells and inhibit smooth muscle cell hyperplasia 
in response to intimal injury Taken together, these 
reports suggest that Rb mutants and splice variants may 
be more potent tumour suppressors than Rb. Data on the 
potential of the other two members of the Rb family, pi 07 
and pl30, in gene therapy are very limited, but retro- 
virus-mediated transfer of the pl30 gene can suppress 
the growth of lung carcinoma cells m vitro and in vivo}^ 

New oncolytic adenovimses also target the 
Rb pathway 

Following on from rf/1520, a second generation of 
selectively replicating adenoviral vectors has now been 
developed. The viruses nearest to clinical trial specifi- 
cally target Rb hmction. The adenoviral ElA protein 
contains two conserved regions, CR-1 (amino acids 30-60) 
and CR-2 (amino acids 120-127), the latter critical for 
bmding to and inactivating Rb and whose deletion 
prevents formation of ElA/Rb complexes. Two similar 
mutants have been described recently; dl922/9A7 is 
deleted in amino acids 122-129,^ while A24 is deleted 
in amino acids 121-128.^^ Both have been assessed in 
in vitro and in vivo models of cancer and rf/922/947 is 
capable of replicating with much greater efficiency 
within a panel of tumour cell lines than d/1520, with 
minimal S-phase induction in quiescent nonimmorta- 
lized cells.** Most recently, A24 has been modified 
further to include a RGD-4C peptide into the adenoviral 
fibre, which permits infection of cells independent of the 
normal coxsackie adenovirus receptor that is frequently 
expressed at veiy low levels on tumour cells.^^ A24-RGD 
is capable of lysing ovarian carcinoma and glioma cells 
in vitro, as well as extending the survival of mice-bearing 
xenografts of both himour types.^*'^ Of note, A24'-RGD 
appeared to have a significantly greater cytopathic effect 
than A24 and its replication on normal human astrocytes 
was at least 3 log scales lower than a wild-type 
adenovirus.^ Clinical trials of both A24-RGD and 
rf/922/947 are imminent. 
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Further adenoviral mutants also explore targeting of 
the Rb pathway. Ar6pAE2fF* and Onyx-411^ both have 
an E2F promoter in place of the adenoviral El A 
promoter. In addition, Onyx-411 has a second E2F 
promoter to drive the expression of the E4 region and 
is also deleted in the ElA-CR-2 region, like d/922/947. 
The rationale behind these modifications is that the E2F 
promoter is selectively activated in the presence of a 
defective Rb pathway and E4 gene products, especially 
E4 orf4/6, cooperate with El A and ElB proteins to create 
a cellular environment that permits efficient expression 
of viral genes and thus productive viral infection.^ Both 
Ar6pAE2fF and Onyx^ll demonstrate tumour-specific 
replication with minimal effect upon normal cells, 
including proliferating epithelial cells, and both were 
more potent and tumour selective than dllSlO. 

INK4/ARF locus provides two potential 
targets forger^e therapy 

The INK4/ARF locus on chromosome 9 encodes two 
separate tumour suppressor genes from alternative 
reading fraines, pl6'^*'^ and pi 4'^^^ (also known as 
pl9Arf mice), which serye to highlight the close link 
between the p53 and Rb pathways.** pl6"^*^ is a potent 
inhibitor of the cyclin D/cdk4 complex that phosphor- 
ylates Rb, while pU^'' inhibits hdm-2 (mdm-2 in mice), 
whose functions are to prevent p53-mediated transcrip- 
tion and to promote p53 ubiquitination. Homozygous 
deletions of the INK4/ARF locus are seen in many 
malignancies especially melanoma.^^ 

Adenoviral delivery of the pi 6*^*^ gene is able to 
induce cell cycle arrest in vitro and, in cooperation with 
adenoviral p53 expression, induce apoptosis and inhibit 
tumour growth in vivo. It appears that pi 6"^'*'^ may be a 
more effective inducer of apoptosis than other members 
of the INK4 family (pl5"^'^*«, plS''^*^) or the Wafl/Cipl 
family (p21, p27). Interestingly, it appears that pl6''^*'^ 
is able to induce apoptosis in cells lacking Rb, suggesting 
that it may have alternative functions. This has been 
reiterated by more recent work in which the effectiveness 
of pl6^^^** and p53 gene delivery was compared in 
ovarian carcinoma models with varied pi 6**^*^ and p53 
status (wild type, null and mutant).^* In all cell lines, 
pl^iNK4A appears as a more efficient inducer of growth 
arrest, but not apoptosis, than p53. In vivo, however, 
adenoviral ^W^*^ (Ad pl6) produces statistically 
greater survival in pl6'^'*^*'^- and p53-null or wild-type 
models than Ad p53 alone or even Ad pi 6 and Ad p53 
combined. Clearly, as has been mentioned above, the 
limited efficacy of Ad p53 could result from abnormal- 
ities in downstream effectors of p53-mediated apoptosis. 
However, the same may be true of pathways down- 
stream of pl6"^*^*'^. Therefore, it remains possible that 
p}5iNK4A j,3g additional functions^ of which downregula- 
lion of vascular endothelial growth factor (VEGF) is one 
possibility. Other groups have recently demonstrated the 
efficacy of adenoviral pl6"^*^'*'^ delivery in lymphoma^' 
and glioma*^ models, but one note of caution is 
necessary. There is evidence that ectopic overexpression 
of pl6"^*^'*^ can produce resistance to some chemother- 
apy drugs, possibly by inducing Gl cell cycle arrest, as 
many chemotherapy drugs are at their most effect in S 
phase*' 



In the past 2 years, more interest has focused on 
pl4^"^. Several reports have demonstrated that adenovir- 
al delivery of the pH^'' gene is capable of inducing cell 
cycle arrest and apoptosis in a wide variety of tumour 
models*^"*^ and can sensitize cells to chemotherapy.*® 
Initial reports suggested that intact p53 pathv^ays were 
required for pl4^^-mediated cytotoxicity*''-*' and that 
cotransfection with wild-type p53 could enhance the 
pl4Arf effect** It now appears that pl4'^'' is capable of 
affecting proteins other than p53, such as E2F-1,~ 
HIFla*^ and topoisomerase I.*^ Ouster analysis of gene 
expression patterns in mouse embryo fibroblasts indi- 
cates that pl9^'^ induces expression of both p53- 
dependent and -independent genes, the latter including 
members of the B-cell translocation family (Btg/Tob) that 
can inhibit proliferation in cells regardless of p53 status.** 
Recently, pl4^'' has shown itself capable of inducing 
apoptosis in p53- and Bax-null DU145 prostate carcino- 
ma cells.*^ In p53-null H358 lung carcinoma cells, pl4^'' 
induces arrest in G2 phase, followed by apoptosis. This 
G2 arrest correlates with inhibition of CEO, inactivation 
of CDC25C and induction of p21*^. Of note, pH^'' is 
capable of inducing tumour regression in H358 xeno- 
grafts,^^ One possible explanation for the discrepancy 
between these results and earlier studies that suggested 
p53 was an absolute requirement for pl4^''-mediated cell 
death is timing.*' In p53-null cells, it takes up to 6 days 
for G2 arrest to take place, in contrast to only 24-48 h in 
p53-positive cells.** 

PTEN expression alters metastatic potential 
and reduces neovascularization 

PTEN, also known as MMACl and TEP-1, is a 
phosphatase whose importance as a tumour suppressor 
gene is being increasingly recognized. Although PTEN 
can dephosphorylate proteins such as focal adhesion 
kinase, its primary function is to degrade the products of 
phosphatidylinositol 3'-kinase (PI-3kinase) by depho- 
sphorylating phosphatidylinositol 3,4,5-trisphosphate 
and phosphatidylinositol 3,4,-bisphosphate at the 3' 
position. One of the main downstream targets of the 
PI-3kinase pathway is the kinase Akt, also known as PKB 
(protein kinase B), which, in turn, can activate a wide 
range of signals that lead to cell proliferation and 
decreased apoptosis (see Figure 2). Thus, the loss of 
PTEN activity, which is seen in up to 40% of all 
malignancies,^'^ can have diverse effects on cell growth 
and differentiation. 

In the past 2 years, there have been a number of 
studies investigating PTEN gene replacement, many of 
which have focused on prostate cancer. In PTEN-nulI 
prostate cancer, expression of PTEN causes a decrease in 
Bci-2 expression and sensitizes cells to doxorubicin and 
vincristine chemotherapy,^ and also sensitizes cells to 
death receptor-mediated apoptosis that could be over- 
come with Bcl-2 overexpression.^^ In another prostate 
model, adenoviral PTEN (Ad PTEN) delivery to PC3 
cells in vitro leads to Gl arrest, but not apoptosis.** 
Interestingly, when the PC3 cells are transfected with Ad 
PTEN and then implanted orthotopically into mice, there 
is no reduction in tumorigenicity, but a significant 
reduction in the development of lymph node metastases, 
implying that PTEN may not be a critical regulator 
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Figure 2 The Akt/PTEhl pathway. Oncogenic and mitogenic stimuli that 
activate PBkinase can lead to Akt activation, either directly, via the 
actions of pliosphatidylinositol 3,4,5-trisphosphate (PIP3) and phosphati* 
dylinositol 34rbisphosphate (Pli3A)Pi) on the plectrtn homology (PH 
domain), or indirectly, via S'-phosf^oinositide-depet^ent kinase 1 (PDKl) 
and PDKZ-mediat^ phosjitorylation at positions T308 and S473. 
Activated Akt can then modulate multiple cellular pathxvays, leading to 
the inhibition of apoptosis and stimulation of cell growth. PTEN has 
intrinsic lipid phosphatase activity that removes the phosphate moeity from 
the 3* position of PiPj and PI(3,4)P2, and thus counters the antiapoptotic 
and growth stimulatory activities of PlSkinase and Akt. 

of tumour formation and growth, but a controller of 
dissemination. When Ad PTTEN is injected directly into 
pre-existing prostate xenografts, there is no tumour 
regression, which further underlines this f)oint. 

By contrast, injection of Ad PTEN into bladder 
xenografts produced demonstrable tumour regression 
and induction of apoptosis, but only in PTEN-nuU UM- 
UC-3 tumours. In tumours that are PTEN wild type, Ad 
PTEN injection produced only transient growth inhibi- 
tion.*' Alongside reduction in phosphorylated Akt 
expression, another observation from the UM-UC-3 
tumours is a reduction in VEGF expression both in vitro 
and in vivo, the latter accompanied by a reduction in 
tumour vessel formation. VEGF is known to be an Akt/ 
PTEN target,^ and neovascularization is a marker of 
transformation from low- to high-grade gliomas in 
humans with PTEN mutations seen almost exclusively 
in high-grade tumours. Further indication of the poten- 
tial of PTEN to influence angiogenesis in glioma is 
shown with U87MG xenografts in mice. In the presence 
of PTEN expression, in vivo growth is reduced, with 
marked reduction in angiogenic activity. Even in the 
presence of proangiogenic signals such as constitutive 
EGFR activation and /or p53 inactivation. Ad PTEN 
delivery to glioma xenografts in mice produces a marked 
reduction in tumour vascularity.^^ Therefore, there may 
be a differential role for PTEN in different tumour types, 
reducing invasion and metastatic potential in some 
models and inhibiting tumour vascularization in others. 

Multiple new tumour suppressor genes offer 
new therapeutic possibilities, especially mda- 
7 and OPCML 

Mda-7 (also known as lL-24) is a member of the IL-10 
family of cytokines and was first described as a potential 



tumour suppressor gene, when shown to be expressed 
on differentiated melanocytes but not melanoma cells. 
Subsequently, it was shown that adenoviral delivery of 
the mda-7 gene (Ad mda-7) is able to induce apoptosis in 
malignant cells but not normal epithelial cells in both 
melanoma*^ and NSCLC.** 

Work in the past 2 years has extended knowledge ' 
on this gene. Expression is downregulated in a wide 
variety of malignancies,** while restoration of expression 
via Ad mda-7 can also induce growth arrest in vivo.^ The 
mechanisms via which mda-7 induces growth arrest and 
apoptosis are complex. It appears to upregulate the 
expression of TRAIL and its receptors DR4/5, which 
could sensitize tumour cells to death receptor-mediated 
apoptosis." There is also evidence that mda-7 can 
increase the expression of the RNA-dependent protein 
kinase PKR in some NSCLC cells.*^^ The normal role of 
PKR is to limit viral infection by inhibiting protein 
synthesis and hence block viral protein production, but it 
may also function as a regulator of tumorigenesis. 
Recently, microarray analysis suggests that Ad mcia-7 
transfection can alter expression of members of lx)th 
the p-catenin and PlSkinase signalling pathways in 
some breast and NSCLC cell lines.** Curiously, this 
analysis was perfonned on the same NSCLC line {H1299) 
as had been studied previously/^ but PKR was not one of 
the genes whose expression was upregulated. Finally, 
several reports suggest that mda-7 may have a role 
in angiogenesis. Ad mda-7 is able to inhibit endothelial 
cell differentiation and reduce tumour vascularity in 
human lung cancer xenografts in mice," and purified 
mda-7 protein is capable of inhibiting endothelial cell 
differentiation and migration more effectively than 
endostatin.*' 

Finally, another potential tumour suppressor gene has 
been identified in ovarian cancer that may have 
therapeutic potential. OPCML is a member of the family 
of Ig domain-containing glycosylphosphatidylinositol- 
anchored cell adhesion molecules and its expression is 
completely absent in over 80% of ovarian carcinomas, 
including both established cell lines and primary 
tumours.^ Interestingly, the downregulation appears 
due mainly to CpG island methylation, and restoration 
of OPCML expression was able to impair ovarian 
carcinoma cell ^owth both in vitro and in vivo7^ Cleariy, 
more work will be required to evaluate the pathways via 
which OPCML functions in ovarian carcinoma. 



Conclusions and prospects 

Although targeting tumour suppressor gene pathways 
is an attractive and logical strategy for cancer gene ther- \ 
apy, results from clinical trials have not mirrored \ 
the preclinical studies. Clearly, the ability to induce / 
cell cycle arrest and apoptosis in vitro or growth arrest in ; 
mouse xenografts does not guarantee responses in ] 
clinical trials. Several specific hurdles must be overcome \ 
if such therapies are to become routine. Firstiy a greater i 
understanding of the biology of the ubiquitous p53 and 
Rb tumour suppressor genes pathways is vital, especially 
an understanding of their own downstream targets 
and how these may be altered in malignancy. Secondly, 
other pathways need to be thoroughly evaluated, 
especially those that appear to be tumour-type specific. 
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Surprisingly, little gene therapy work has been published 
on restoring well-known tumour suppressor genes such 
as BRCAl in breast cancer and APC in colon cancer. The 
noyel genes, OPCML and nida-7, may offer new disease- 
specific pathways to target in ovarian and melanoma/ 
lung carcinoma, respectively. Thirdly restoring tumour 
suppressor gene function alone may be insufficient and 
combination treatments, either with multiple genes (eg 
one disease-specific and one ubiquitous gene) or a 
tumour suppressor gene with an apoptosis inducer such 
as chemotherapy or activated caspases, may be required. 
However, one tfdng is certain: extending our knowledge 
of tumour suppressor genes and their normal roles 
must ultimately lead to improved therapies for all 
malignancies. 
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Adenoviral vectors: Systemic delivery and tumor targeting 
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The development of a targeted adenoviral vector, which can be delivered systemicallyy is one of the major challenges facing cancer 
gene therapy. The virus is readily cleared from the bloodstream/ can be neutralised by pre-existing antibodies, and has a permissive 
cellular tropism. Clinical studies using the ONYX virus have shown limited efficacy, but there are several hurdles to overcome to 
achieve an effective tumor-spectfic systemic therapy. In this review^ we have summarized the various strategies used to overcome the 
limitations of adenoviral-mediated gene delivery. 
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The majority, of cancer patients present with advanced 
disease. Often, the primary tumor mass can be resected, 
although surgery usually cannot be used to remove 
disseminated metastases that are frequently responsible for 
ultimate patient demise. Agents capable of treating such 
disseminated disease must have a high therapeutic index, 
showing selective toxicity against cancer tissue while sparing 
normal cells. Gene therapy is one veiy promising approach 
because targeting to cancer cells can be combined with 
intracellular mechanisms regulating selective expression to 
achieve good tumor specificity. Tumor- selective activity can 
be used to regulate very great toxicity, either through the 
amplification intrinsic in producing a gene product from even 
a single gene copy» or by using a conditionally replicating 
system to kill infected cells. 

Adenovirus is one of the most promising vectors for can- 
cer gene therapy, and the development of a foim that can be 
administered systemically and tai;geted to disseminated tu- 
mors is one of the major challenges facing cancer gene 
therapy. However, there are several issues to be addressed 
before this is likely to be a feasible approach. Most obvious is 
the problem of rapid clearance of virus from the blood, widely 
reported and discussed by several authors who have used a 
range of techniques to prevent unwanted entry of the virus 
into nontarget tissues. These approaches are discussed in 
detail below. Second is the question of target selectivity, 
where effective expression in target tissue must be combined 
with avoiding unwanted infection of healthy tissues in order 
to prevent unnecessary immune provocation and vector de- 
pletion, More fundamentally, however, are the technical is- 
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sues over which assays can be meaningfully used to measure 
pharmacokinetics of viruses, particularly when they have 
been tropism ablated or retargeted to infect through novel 
receptors. 

Techniques for the determination of adenovirus 
distribution kinetics 

Useful performance of pharmacokinetic analyses requires 
adequate definition of die virus preparation being used, and 
understanding of the species being followed when measure- 
ments are taken. Typical adenovirus preparations have 
particle-to-infectivity (P/I) ratios in the range of 10-100. 
The fact that P/I ratios are usually greater than 1 partially 
results from the practical design of experiments used to 
determine it; however, most virus preparations also contain a 
significant component of noninfectious material. Detenni- 
nation of the systemic distribution of this material would 
clearly be misleading when trying to maximize the plasma 
circulation of infectious virus. Issues such as these are a 
problem when using physical tracing methods such as quan- 
titative (real-time) polymerase chain reaction (Q-PCR) or 
radiotracing techniques. Both techniques would produce 
misleading results when the virus preparation contains non- 
infectious virus particles, whereas Q-PCR would also be 
vulnerable to the presence of free DNA and radiotracing to 
the presence of free capsid proteins. These issues are likely 
to be significant using most conventional preparations of 
adenovirus. 

The obvious alternative to following the distribution of 
virus DNA or proteins is to use virus infectivity as the mar- 
ker for biodistribution, and in many situations, this can be 
useful. However, it fails when components of the experi- 
mental milieu interfere with infectivity, e.g., antiadenovirus- 
neutralizing antibodies, or where the virus of interest is 
tropism-ablated to prevent infection through the normal 
route. These different tracing techniques all find important 
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and compiementaiy applications, but it is essential to define 
precisely how individual experiments were performed before 
the data generated can be interpreted accurately. We have 
tried to bear this caveat in mind throughout interpretation of 
data reported in this review. 



Adenovirus pharmacokinetics in mice 

Animal models have illustrated that hepatic uptake of 
systemically injected adenovirus is very efficient. It is 
widely accepted that adenovirus is rapidly taken up into 
FCupffer cells (KCs), significantly reducing the number of 
infectious virus present in the blood. One of die best studies 
in this field was performed by Alemany et at,' where the 
amount of infectious virus present was determined by 
isolating plasma and using it to infect 293 cells in vitro. 
These studies demonstrated that the half- life of adenovirus 
type 5 (Ad5) in mice was less than 2 minutes.' A recent 
report has investigated virus uptake into KCs using vectors 
labeled with the fiuorophore, Cy3. These studies indicate 
that low doses of adenovirus (up to 3 x 10*° viral particles) 
are rapidly sequestered by KC, but higher virus doses can 
overcome this biological filter effect, leading to a nonlinear 
dose response in hepatic gene transduction.^ The importance 
of the liver in deteimining the fate of intravenously 
administered adenovirus has been demonstiBted by bypass- 
ing the hepatic circulation by clamping the porta! vein, 
hepatic artery, and bile duct While the clamp was in place, 
circulating plasma levels of infective vims remained constant 
but decreased rapidly following removal of the clamp.^ 

It should be noted diat all of these pharmacokinetic studies 
were performed in normal mice, which would not have 
previously been exposed to himian adenoviruses. It is likely 
that in animals with preexisting antiadenovims antibodies, 
the infectious virus in plasma would be neutralized. A recent 
study has investigated the effects of preimmunization on 
virus biodistribution in a syngeneic mouse tumor model.'^ 
TM-40D mouse mammary tumors were grown in BALB/C 
mice. Animals were immunized with an intratumoral (i.t.) 
injection of IxlO" viral particles of replication -defective 
Ad5 lacking a tnuigene (Ad-null). Two weeks later, the 
animals were given an i.t. injection of Ad luciferase, and 
virus biodistribution was examined and compared to the fin- 
dings in naive mice. As expected, preimmunization resulted 
in a significant decrease in luciferase gene expression in 
all tissues examined and also led to a fall in the duration of 
transgene expression. Unexpectedly, viral toxicity was 
noticeably greater in the preimmune animals: administration 
of 6x10** virus particles i.t. caused death in 60% of the 
preimmunized group compared to just 15% of the naive 
mice. The major toxicities were hepatitis and elevated liver 
enzymes. The increased acute toxicity observed in the pre- 
immunized animals was unexpected as the humoral immu- 
nity was predicted to exert a protective effect against virus 
toxicity by inhibiting successful transduction of the liver and 
peripheral organs. The precise reason for greater toxicity in 
preimmunized animals is unclear at present, though if the 
effect is found to be reproducible, it may have significant 
implications for transfer of the approach into the clinic. 
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Virus retargeting strategies 

Adenoviral vectors enter cells in a multistage process. First, 
the knob domain of fiber binds the Coxsackie and Adeno- 
virus Receptor (CAR),^ followed by an interaction between 
the RGD motif of the penton bases with av(33 and avP5 
integrins, facilitating internalization of the virus by receptor- 
mediated endocytosis.^ More recently, the involvement of a 
third cell surface interaction, with heparan sulfate glyco- 
saminoglycans (HSGs), has been demonstrated.^'* CAR is 
widely expressed on many cell types, and it is thought that 
the rapid accumulation of systemically administered adeno- 
viral vectors in the liver of mice is due to high hepatic levels 
of CAR and av integrins.'^ 

There is some disagreement regarding the effects of 
CAR binding on the biodistribution of systemically de- 
livered adenoviral vectors in mice. Some studies have 
demonstrated that ablation of CAR binding does not alter the 
biodistribution or toxicity of systemically administered 
adenovirus in mice.'®'" In both studies, the biodistribution 
was monitored by Q-PCR and transgene expression assays. 
A more recent report has demonstrated diat a CAR -ablated 
vector with the KOI mutation in the AB loop gave higher 
levels of hepatic gene transduction than vectors containing 
wild-type fiber.'^ These data suggest that CAR binding may 
not be the major determinant of hepatic transduction in vivo 
and, therefore, that other aspects of the viral entry 
mechanism such as integrin or HSG binding may play a 
significant role. The situation is not completely clear, 
however, because Einfeld et aP described a four-amino- 
acid substitution in the AB loop of adenovirus fiber that 
decreased liver transduction 10- fold. 

To completely ablate the natural tropism of adenoviral 
vectors, both CAR and integrin binding sites must be 
mutated. Doubly ablated adenoviral vectors show up to a 
700- fold reduction in luciferase gene expression in the liver 
following systemic administration.^'' Only Alemany and 
Curiel*'^ examined the levels of CAR-ablated virus in the 
blood and showed, using a modified plasma infectivity assay, 
that the levels of CAR-ablated virus present in the blood 
were approximately 10-fold higher than unmodified virus 
over a 60 -minute time period. 

In order to target tumor cells specifically, CAR, integrin, 
and HSG binding must be abolished and replaced with a 
tumor- specific targeting mechanism. This can be achieved 
in several ways. A popular approach involves complexing 
the adenovirus with a bispecific molecule that blocks the 
interaction with CAR and redirects the virus to a novel 
receptor.'^ The CAR-blocking component of the bispecific 
molecule can be a neutralizing antibody, a soluble form of 
CAR, or a high-affmity peptide that binds to the knob. The 
receptor- binding component can be an antibody or fragment 
of an antibody, a high -affinity peptide, or even a small 
molecule that binds to the receptor. This approach has been 
used extensively to retarget replication -deficient adenoviral 
vectors. Ligands that have used in this approach include 
CD3,'^ E-selectin,^^ av integrins,'* FGF receptor,*^*'* and 
EGFR.*' 

An alternative approach involves genetic modification of 
the adenovirus vector to incorporate targeting sequences, 
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with the possibility of simullaneously ablatinjg interactions 
of the fiber and penton base with their native receptors. 
High -affinity peptide Jigands have been inserted into the 
HI loop or on to the C -terminus of fiber, into the RGD loop 
of praiton base, or even into an exposed loop of hexon. 
Several peptide ligands have been identified, which are 
home to particular organs including vascular endothelium, 
kidney,^^ head and neck,^ and ovarian tumors.'^^ The phar- 
macokinetics and biodistribulion of the retargeted viruses do 
not appear to differ significantly from unmodified virus. The 
virus is cleared rapidly from the blood as determined by 
PGR and gene expression data, and is found predominantly 
in die liver, with the exception of FGF2- retargeted adeno- 
virus, which showed 10- to 20- fold less liver uptake than 
unmodified virus controls. This decreased liver uptake trans- 
lated into a significant reduction in subsequent toxicity as 
measured by serum transaminases and histopathology in 
mice.^^ 

Probably the most promising in vivo results to date 
have used adenovims targeted with a bispecific antibody 
to angiotensin -converting enzyme (ACE).^^ The vector 
showed at least a 20 -fold increase in viral DNA and trans- 
gene expression in the lungs compared to an untargeted virus 
following systemic administration in rats. Targeted gene 
delivery through ACE may offer new therapeutic opportu- 
nities in diseases such as pulmonary hypertension, pulmo- 
nary thromboembolic disease, and pulmonary carcinoma. 
However, although adenoviral vectors retargeted to infect 
through specific receptors give promising results in vitro and 
following local administration in vivo, the clearance times 
following intravenous administration are generally short. 
Bloodstream circulation must be significantly extended if the 
vectors are to provide any realistic platform for targeted 
delivery of genes to disseminated targets to mediate useful 
therapy 

Another approach to link targeting ligands to adenoviral 
vectors involves the use of polyethylene glycol (PEG). This 
strategy has important implications because PEGylation also 
provides a degree of protection from neutralizing antibodies. 
Heterobifunctional PEG has been used to modify adenovirus 
with a peptide designed to target ciliated epithelial cells^^ 
and a urokinase plasminogen activator-derived peptide.^'' In 
both of these cases, the tropism of the vector was expanded, 
but native tropism was not ablated. Alemany et al^ studied 
die blood clearance rate of PEGylated adenoviral vectors 
in BALB/C mice. Infectivity of the PEGylated virus was 
measured by serial dilution of plasma and infection of 
A549 cells. A 300- to 1000 -fold loss of infectivity was 
observed using modification under the conditions defined 
as "4% PEG" and the blood clearance rate of PEGylated 
virus during the first 30 minutes (determined using ex vivo 
infectivity and corrected using the 300-1000 factor noted 
above) was 4 -fold slower than for normal vims. There 
was no evidence of toxicity with the PEGylated virus. 

Fisher et al^^ showed that polymer modification of ade- 
noviral vectors using multivalent polymers based on poly 
(A^-2(hydroxypropyl)methaciylamidc] (HPMA) was an 
effective means to ablate norma] virus tropism, decreasing 
viral transgene expression by 100- fold. The polymer- 
coated virus could be retargeted to infect through novel 



receptors using FGF2 and vascular endodielial growth 
factor (VEGF). The vector exhibited ligand -mediated, 
CAR -independent gene transfer as well as resistance to 
neutralizing antibodies.^* Polymer modification resulu in 
extended blood circulation times in mice and reduces 
hepatic gene expression by diree logs.^^ Virus levels in the 
blood have been measured using *^M-labelled virus, Q- 
PGR, and infectivity assays. While our findings are in 
accord with previous reports regarding the rapid clearance 
of infectious virus from the circulation, our Q-PCR and 
radioactivity results suggest a higher proportion of inactive 
virus is present in whole blood than in plasma. We believe 
this may involve interactions between the virus and blood 
components including erythrocytes, and leads to the ob- 
servation that kinetic studies that work with only serum or 
plasma may be missing a significant proportion of blood - 
borne virus. 

Conditionally replicating vectors 

The use of replicating vectors, which may only infect a small 
proportion of tumor cells but are designed to allow spread of 
the virus to neighboring cells, can significantly increase the 
efficacy of gene delivery coupled with direct cytolytic 
activity. Replication competence can be made conditional on 
the biology of the cell infected; e.g., key virus proteins can be 
placed under the regulatory control of cell -specific gene 
promoters, restricting virus production to the appropriate 
target cells. This approach is considered in more detail later. 
A more sophisticated system, however, has been to modify 
the adenovirus proteins to enable the virus to replicate only 
in cells that bear cancer- related phenotypes. Two main 
approaches have been pursued, and these are considered 
briefly here. 

Adenoviruses deficient in E1B 

Inhibition of p53 protein activity must be blocked in order to 
allow efficient viral replication. The 55-kDa protein en- 
coded by the EJB region of normal adenovirus binds and 
inactivates p53, allowing replication in normal cells. 
ONYX-015 (dU520) contains a 827-bp deletion in the 
EIB region of the viral genome and a point mutation, gen- 
emting a premature stop codon that prevents expression of a 
tmncated form of the ElB-55-kDa protein.^^ It follows that 
infection of normal cells with ONYX-01 5 should generate a 
p53 response that leads to growth arrest or apoptosis, 
preventing virus replication. In contrast, tumor cells lacking 
a functional p53 gene should be unable to suppress viral 
replication. In this way, replication of OhT/X-OlS should 
be restricted to p53 -deficient cells, resulting in selective 
destruction of cancer cetls.^^ 

However, several recent reports indicate that ONYX-015 
can replicate in a variety of tumor cell lines widi wild- type 
p53.-*^~^'* pl4ARF''^ is a tumor suppressor protein that binds 
to Mdm2, sequestering it in the nucleolus and preventing 
degradation of p53. A recent study has demonstrated 
thai lack of pMARF expression in tumors with wild- type 
p53 disrupts the p53 signaling pathway, leading to high 
and uncontrolled Mdm2 protein activities facilitating 
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ONYX-015 replication. Deregulation orMdm2 prevents 
p53 from exerting its protective effects after adenoviral 
infection. Reintroduction of functional pl4ARF into tumor 
cells caused induction of p53 and prevented replication of 
ONYX-015, but not wild-type adenovirus. These findings 
indicate that other defects within the p53 pathway, other 
than mutations of p53 itself, can render cells permissive for 
ONYX-015." 

Adenoviruses deficient in El A 

Other replication -competent viruses have been generated by 
mutating the EI A region of the adenoviral genome. KDl and 
KD3 are vectors containing deletions in the EI A gene, which 
abolish the ability of EI A to deregulate the cell cycle and 
cause cells to move from Gq to S phase. The E3 region genes 
that protect virus -infected cells from desbuction by the 
immune system have also been deleted to prevent runaway 
viremia by the vector. These viruses can also overexpress the 
adenovirus death protein (ADP), which gives them in- 
creased capacity for cell lysis and vims spread.^* The vector 
can also be modified to include the tissue- specific surfactant 
protein B (SPB) promoter, which is expressed in type II 
alveolar and bronchiolar epithelial cells. KDl -SPB repli- 
cates well in H441 papillary lung adenocarcinoma cells but 
very poorly in Hep3B hepatocellular carcinoma cells, which 
do not express SPB, and the virus has been shown to sup- 
press growth of H441 tumors in nude mice.*^ Recently, it has 
been demonstrated that coadministration of KDl or ICD3 
with replication -defective adenoviral vectors increases cy- 
totoxicity and transgene expression."^' Systemic administra- 
tion of the KD vectors has not yet been reported; whereas the 
kinetics of the input virus would be expected to be the same 
as a replication -incompetent virus, any small amount of 
virus gaining access to permissive cells might modify the 
pattern of in vivo transduction considerably 

Several EI A mutant adenoviruses have been described: 
dl3I2 is totally EI -deleted, dllOI has a deletion in the p300- 
binding region,^^ whereas EI A CR-2 contains deletions in 
the conserved region of EJA.'*^ However, a virus with a 
mutation in the pRB family -binding region of EJ A {61922- 
947) has demonstrated the best antitumor efficacy in animal 
models. MDA-MB-23I human breast cancer cells were 
injected orthotopically into nude mice, in a model system 
that forms metastases in the lungs and lymph nodes as well 
as the primary breast tumor. Mice were treated with dl922- 
947, dlI520 (ONYX-015), or wild-type Ad5 by tail vein 
injection (2x10* pfu daily for 5 days). They were sacrificed 
when the primaiy tumor reached 1200 mm^ or at 3 months, 
and examined for the presence of metastases. Animals 
treated with dl922-947 had significantly fewer metastases 
(1/19) compared with dlI520 ( 12/ 1 9 ) or wt virus (6/ 1 8).^*^ 
However, no viral pharmacokinetics or biodistribution stud- 
ies were performed. 



Tissue-selective promoters for creation of conditionally 
replicating adenovirus 

Replication-competent viruses can be targeted by the use of 
tissue -specific promoters to restrict adenoviral replication to 



specific tissues. Prostate -specific antigen (PSA) is a widely 
used marker for the diagnosis and management of prostate 
cancer. Enhancer/promoter constructs derived from the 
5'regions flanking the human PSA gene have been cloned 
upsU^m of the EiA gene to generate CN706, a prosUte- 
specific enhancer containing provisionally replicating ade- 
novirus. A single i.t. injection of virus led to destruction of 
LNCaP xenografts and abolished PSA production in a nude 
mouse model.'*^ A phase I trial of CN706 has recently been 
completed in patients with locally recurrent adenocarcinoma 
of the prostate. Up to 10^^ viral particles were administered 
into the prostate using brachytherapy techniques. Treatment 
was well tolerated and some patients achieved biochemical 
(PSA) responses."*^ Provisionally replicating EIA mutant 
viruses containing the AFP promoter^^ and the DF3/MUC1 
promoter^^ have been shown to have antitumor activity in 
animal models of hepatocellular carcinoma and breast 
cancer. In these studies, the virus was administered by i.t 
injection and virus biodistribution and pharmacokinetics 
were not addressed. 



Immune responses 

Another factor that needs to be addressed before adeno- 
viral vectors can routinely be used systemically is provo- 
cation of the immune system. Most patients have previously 
been exposed to adenovirus and have pre-existing neutraliz- 
ing antibodies. In the clinical trials using ONYX-015, the 
majority of patients presented with neutralizing antibodies 
and almost all showed a significant increase in titer after the 
initial virus injection. "^^'^^ There are also significant concerns 
over vector inununogenicity following the death of a patient 
after hepatic artery infusion of a replication -defective Ad5 
vector.^^'^^ It is thought that viral capsid proteins are in- 
volved in the acute cytokine release observed shortly after 
virus administration.^^ Inflammation then occurs at the site 
of gene transfer due to T- or B-cell-mediated targeting of 
transduced cells.^'^^ A recent study has demonstrated that 
both neutralizing and non- neutralizing antiadenovirus anti- 
bodies are capable of activating complement. Plasma fi-om 
healdiy volunteers was incubated with increasing doses of 
adenovirus and the levels of C3a measured. There was a 
dose-dependent activation of C3a but levels varied signifi- 
cantly between subjects. The report indicates that perfonning 
in vitro complement studies on patients undergoing gene 
therapy may be usefiil and suggests the use of prophylactic 
steroids (to reduce subsequent inflanunation) or CI esterase 
inhibitors. 



Systemic delivery of adenovirus in clinical trials 

The only clinical trials to date involving systemic delivery ; 
of conditionally replicating viruses are the ONYX-015 J 
studies. The virus has been administered by hepatic artery ( 
infusion for the treatment of metastatic colorectal cancer^^ j 
and intravenously in patients with metastatic lung tumors,'* \ 
Both studies were dose escalation regimens. No dose> j 
limiting toxicity was identified, and the toxicity profile ' 
was not altered when the virus was coadministered with 
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chemotherapy. The most common side effects were mild to 
moderate fever, rigors^ and a dose -dependent transient trans- 
aminitis. Neutralizing antibody titers were significantly 
increased. Evidence of viral replication in the blood was 
detectable in patients receiving virus doses >2 x lo' * particles 
and i.t replication was confirmed in one patient in the 
intravenous delivery trial. No objective tumor responses were 
demonstrated with ONYX -01 5 alone, but a partial response 
and tumor stabilization were observed in patients who had 
been treated with high doses of ONYX -01 5 and chemo- 
therapy. These studies have demonstrated diat intravascular 
infusion of ONYX -01 5 was well tolerated and resulted in 
viral infection of metastatic pulmonary tumors and i.t. viral 
replication, suggesting that systemic delivery of genetically 
modified adenoviral vectors is a feasible approach. 

Pharmacokinetic studies, using Q-PCR, were performed 
to detect viral genomes in plasma. In the intrahepatic artery 
trial, no virus could be detected after 6 hours;^^ but in the 
intravenous administration protocol, low levels of virus 
virus particles/mL, approximately 0.3% of the 
total injected dose) were detectable up to 6 hours afler the 
end of virus infusion in patients receiving high doses of 
virus (2x10*^ particles). These studies were performed on 
patients that were initially antibody -negative. However, 
repeated administration did not seem to affect the phar- 
macokinetic data; virus could still be detected in the blood 
6 hours afler the fourth virus infusion. The titers of viral 
DNA were independent of dose over the range of 2x 10*°- 
6x10^* particles. At 2xl0'^ particles and above, there 
appeared to be a greater plasma PGR signal, albeit not 
statistically significant. The half-life of the viral DNA was 
about 20 minutes over the first 2 hours following injec- 
tion, although infectivity was not assessed, and levels did 
not change as a function of time from 2 to 6 hours aficr 
treatment.^* 

Key hurdles to overcome 



antibodies.^^'^^ This technique could easily be extended for 
use with replkation -competent viruses* 

New versions of the ONYX-015 that contain prodrug- 
converting etizymes in order to generate high local con- 
centrations of cytotoxic compounds following systemic 
administration of nontoxic prodrugs have been developed. 
An ElB-SS kDa-deleted adenovirus has been devised, 
expressing the herpes simplex virus thymidine kinase 
(AdTKRC).^^ AdTlGlC was evaluated in nude mice bear- 
ing subcutaneous xenografts of human A375 melanoma and 
ME180 cervical carcinomas. The i.t. injection of AdTKRC 
followed by treatment with ganciclovir (GCV) resulted in a 
significant increase in the survival times of tumor-bearing 
mice. Treatment of tumors with AdTKRC without GCV 
resulted in a similar antitumor effect, confirming that the 
replicating vector has an oncolytic effect These results con- 
firm that both the oncolysis caused by a replicating vinis and 
suicide/prodrug gene therapy widi HSVdc/GC V have potent 
antitumor effects* When combined, these two approaches are 
complementary, resulting in a significandy improved treat- 
ment outcome. 



Conclusions 

Improved systemic delivery of adenovirus will require novel 
coat modifications to prevent unwanted infection of non- 
tai;get cells, as well as evasion of neutralization by anti- 
adenovims antibodies. The possibility of virus interactions 
with blood cells should also be considered, with kinetic 
studies being perfonned in both plasma and whole blood. 
Identification of the viral genes and inunune parameters 
effecting efficacy and toxicity may lead to the development 
of new immunomodulatory strategies, whereas clearer un- 
derstanding of the synergy between replicating adenoviral 
vectors and chemotherapy should enable production of 
systemically deliverable vectors with tnie clinical efficacy. 



There are several approaches that could be used to increase 
the clinical efficacy of the conditionally replicating vimses. 
Preclinical studies have demonstrated that up to 80% of 
ONYX -01 5 is taken up into the livers of mice following 
intravenous injection.'*^ It is likely that this figure will be 
even greater in humans; hence, hepatic uptake needs to be 
prevented in order to permit effective targeting to metastatic 
tumors. A previous study in mice has shown that depletion of 
KG using gadolinium chloride resulted in an increase in 
plasma vims levels and a reduction in hepatic gene ex- 
pression.^ However, it is unlikely that this approach would 
be used clinically. 

Any virus that is delivered systemically must be protected 
from neutralizing antibodies present in the sera of most 
patients. Genetic strategies are generally inefficient at 
overcoming this problem, and surface modification of 
adenovirus with reactive hydrophilic polymers is presently 
the most effective way of preventing unwanted neutraliza- 
tion. The use of HPMA to coat replication -deficient ade- 
novirus can reduce CAR- mediated entry into cells, ablates 
unwanted hepatic gene expression in mice, allows versatile 
retargeting, and simultaneously protects from neutralizing 
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Rapid advances are being made in the engineering of replication-competent viruses to treat cancer. 
Adenovirus is a mildly pathogenic human virus that propagates prolifically in epithelial cells, the origin of 
most human cancers. While virologists have revealed many details about its molecular Interactions with 
the cellr applied scientists have developed powerful technologies to genetically modify or regulate every 
viral protein. In tandem, the limited success of nonrepllcative adenoviral vectors in cancer gene therapy 
has brought the old concept of adenovirus oncolysis back into the spotlight. Major efforts have been 
directed toward achieving selective replication by the deletion of viral functions dispensable in tumor 
cells or by the regulation of viral genes with tumor- specific promoters. However, the predicted replication 
selectivity has not been realized because of incomplete knowledge of the complex virus-cell interactions 
and the leakiness of cellular promoters in the viral genome. Capsid modifications are being developed to 
achieve tumor targeting and enhance Infectivity. Cellular and viral functions that confer greater oncolytic 
potency are also being elucidated. Ultimately, the interplay of the virus with the immune system will like- 
ly dictate the success of this approach as a cancer therapy. 

Keywords: replicative adenovirus, virotherapy, oncolysis 



The concept of virotherapy, an approach to the treatment of cancer 
with viruses, was inspired early in this century by the observation of 
occasional tumor regressions in cancer patients suffering from virus 
infections or receiving vaccinations'. Many different viruses were 
subsequently tested in clinical trials as lytic agents of tumor cells, but 
a low efficacy/toxicity ratio led to their abandonment. Soon after its 
isolation in 1953, adenovirus was also tested as an oncolytic agent 
because of its prolific growth in human epithelial cell lines. In this 
early trial, cervical carcinomas of 30 patients were injected with dif- 
ferent adenovirus serotypes. The results paralleled those obtained 
with other viruses: an initial tumor regression followed by tumor 
progression, with a response inversely correlated with the antiviral 
immune response^. The lack of evident therapeutic efficacy also led 
investigators to dismiss adenovirus as an antitumoral agent. 

Despite this initial disappointment, several viruses have recently 
come forth again as promising anticancer agents. The increasing 
knowledge about virus-cell interactions has shed light on the natur- 
al tropism of some viruses toward tumor cells. For instance, reovirus 
requires an activated ras pathway for infection^ whereas the 
autonomous parvovirus life cycle is limited to actively replicating 
cells^ Likewise, several natural and engineered mutants of the her- 
pes simplex virus type 1 can replicate only in dividing cells^ 
Adenovirus has also emerged as a virus that can be engineered with 
oncotropic properties, as a result of increasing knowledge of aden- 
oviral interactions with cell cycle regulatory proteins and the experi- 
ence gained from its use as a gene delivery vehicle. Even though the 
adenovirus tumor selectivity can be tackled at different levels, per- 
haps the area that has concentrated most research efforts so far is the 
development of conditionally replicative adenoviruses (CRAds) 
designed to replicate exclusively in tumor cells. Improving the deliv- 
ery of CRAds, both to local -regional and disseminated disease, as 
well as the virus intratumoral spread are growing research areas. 
Last, but not least, the study of the interaction of replicative aden- 
oviruses with the immune system is mandatory in order to improve 
the outcome of viral oncolysis. Here, we review the studies per- 



formed on replicative adenoviruses at these different levels and pro- 
vide some insights for future studies (see Fig. 1). 

Adenovirus tumor-selective replication 

Since the leading efforts of Onyx Pharmaceuticals (Richmond. CA), the 
study and design of adenoviruses that replicate selectively in tumor cells 
is the area of most intensive research in adenovirus-based cancer 
virotherapy^. Before analyzing what has been achieved in selective repli- 
cation, it is useful to comment on die assays that have been employed. 

The selective replication of a CRAd has been generally studied by 
comparing different human cell lines in vitro. Whereas different cell 
lines may show various levels of susceptibility to adenovirus infection 
and virus production, these variables have not always been consid- 
ered. This deficiency can be corrected by including a comparison 
with a nonselective adenovirus like the wild type (Adwt) (see below), 
albeit not all studies have incorporated this control. The effect of a 
CRAd in vitro has been measured at the level of viral DNA replica- 
tion, late gene expression, cell death, and progeny production. These 
parameters are not always correlated. Viral DNA replication, hexon 
expression, and cell death can occur without progeny production. 
Conversely, in some cell types, such as fibroblasts and keratinocytes, 
virus production can occur without evident cytopathic effect. 
Therefore, although crystal violet staining, trypan blue exclusion, 
and other live-dead assays yield information about the CRAd effects 
in each cell type, from an oncolysis standpoint progeny production is 
most relevant. Furthermore, the progeny released to the supernatant 
is likely to have more oncolytic predictive value than if we measure it 
after releasing the virus from the cells by freeze/thaw cycles. For a 
given cell type, the burst size or number of infectious particles pro- 
duced per cell is a quantitative measure of progeny production. 

Perhaps the best and simplest way to numerically express the 
selectivity of a CRAd between a tumoral and a normal cell line, 
could be the following: 

(CRAd burst size in tumor ce U\ / Adwt burst size in no rmal cell\ 
CRAd burst size in normal ceii ) ^ \Adwt burst size in tumor ceil J 
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Figure 1. Oncolysis steps that provide opportunities for intervention. 

Using this formula, if a CRAd produces 1,000 plaque-forming 
units (p.f.u.)/cell in a tumor cell and 1 p.f.u./cell in a normal cell, and 
Adwt produces 10,000 and 100, respectively, then this CRAd is 10-fold 
more selective than Adwt. The presence of Adwt in this formula cor- 
rects for difference in infectivity and virus production between the 
different cell types. On the other hand, the choice of normal cells is 
critical. Primary human embryo kidney cells are the most sensitive to 
adenovirus types 2 and 5 infections^. Human fibroblast cell lines and 
endothelial cell lines, employed in different studies^"'^ show poor 
infectivity and delayed cytopathic effect. Mammary (MEC) and 
bronchial (NHBE) epithelial cells used in other reports^ " are more 
permissive to adenovirus infection and production. In fact, the effect 
of the CRAd on normal cells, particularly those of epithelial origin 
that could become infected when targeting a particular tumor, should 
be analyzed although their availability has so far limited such studies. 

Many levels in adenovirus replication may be regulated for the pur- 
pose of generating a CRAd, In recent years, two major strategies have 
come forth. In the first one, viral genes that become dispensable in 
tumor cells, such as the genes responsible for activating the cell cycle 
through p53 or Rb binding, have been completely or partially deleted. 
In the second strategy, transcription of viral genes has been controlled 
by replacing the native viral promoters with tumor-specific promoters 
(tsp) (see Table 1 for the different types of CRAds developed so far). 
Mutants defective at other levels such as intracellular trafficking, nuclear 
import of the viral genome. RNA splicing, nuclear export of RNA, or 
protein translation are conceptually CRAd candidates. For example, a 
virus in which the splicing of a viral gene or an interfering stop signal is 
regulated like the tumor-associated splice variant of CD44 could be 
tumor selective^^. Nonetheless, we have learnt that, in reality, achieving 
tumor-selective replication is not so simple. McCormicks group at 
Onyx proposed that an Elb-55kDa-deIeted adenovirus would replicate 
selectively in p5J-deficient cells, an alteration common in tumors. The 
protein encoded by the ElB 55/f gene binds and inactivates p53 in nor- 
mal cells in order to initiate virus replication. Therefore, only cells that 
have lost p53 are permissive for CRAd replication, because there is no 
requirement for the viral Elb-55kDa protein in switching off p53^\ 
When a few cell lines were compared, this was found to be the case. 

In p53- cell lines C33A and U373. the mutated virus dll520 (Onyx- 
015) was shown to lyse cells at similar levels as the wild-type virus 
AdSwt, but was 100-fold less effective in lysing the p5J* cell line U87. 
The same result was observed for the matched pairs of cell lines 
U20S55K/U20S and RKOp53/RKOi3 However, lytic assays from the 
same group revealed exceptions to the lack of replication of dl 1520 in 
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pJJ^cell lines, such as HepG2, HIaC, and HCTl 16 (ref. 9). When titer- 
ing the viral progeny, Rothmann and colleagues" have also reported a 
lack of correlation between p53 status and dll520 replication ^i. 
Contrary to the conclusions from lytic assays, U373 (p53-) produced 
100-fold lower levels of dll520 than wild-type adenovirus, and U87 
{p53^) produced as much dll520 as the wild type. In this report, the 
amount of transcriptionally active p53 was determined using a p53- 
responsive reporter plasmid. to rule out the possibility that p5> cell 
lines could have p53 inactivated through mechanisms such as MDM2 
overexpression. Furthermore, in p5J" cells as well as normal primary 
cells, the differences in progeny production were reduced when infect- 
ing with more infectious particles per cell, confirming the fact that Elb 
becomes dispensable at high multiplicities of infection. 

Hay and colleagues* have studied viral DNA replication, viral 
protein synthesis, host cell protein shutoff, cytopathic effect, and 
progeny production of the dl338 Elb-55kDa mutant, and found no 
correlation with p53 status. Besides a lack of correlation between 
dll520 progeny production and p53 status. Goodrum and Omelles'^ 
have also described that S-phase cells are more susceptible than Gl- 
phase cells to cell killing by dll520, but not wild -type adenovirus '1 
These observations seem to be related to other functions of the Elb- 
SSKDa protein. The initial studies of this viral protein indicated that 
ElB mutants are impaired in p53-defective cells^^ '^ The defect 
is attributed to the reduced rate of late viral protein synthesis due to 
impaired nuclear RNA export mediated by the Elb-55kDa-E4- 
34kDa complex. A defect in viral mRNA translation can also account 
for the p53-independent impairment of dll520'^ 

It is conceivable that cells in S phase are less dependent on this 
complex to export or translate viral RNA, and thus dll520 has cer- 
tain specificity for dividing cells. Mutants affected in p53 binding, 
but not in other Elb-55KD functions, may result in the desired con- 
ditional progeny production upon p53 absence. However, these 
functions are not easily separable in the protein sequence. Another 
step toward restricting replication to p53-deficient cells may be the 
deletion of the E4-34kDa protein domains that also inactivate p53. 
On the other hand, the role of p53 in adenovirus propagation is a 
question that remains to be answered. If p53 is necessary for efficient 
release of progeny from the infected cell'^ other genes involved in 
cell lysis that can complement the p53 defect will need to be incorpo- 
rated into CRAds designed for p53 tumors. 

Currently. dll520 (ONYX-015) has reached phase I and II clini- 
cal trials for head and neck, pancreatic, ovarian, colorectal, lung, and 
oral carcinomas. In these trials, up to 2 x 10'^ viral particles have 
been administered systemically or locally, but have brought about no 
objective tumor responses^. Efficacy rather than toxicity seems to be 
the limitation. Combination with chemotherapy or the insertion of 
therapeutic genes in the virus have increased the efficacy in animal 
models"'^^. Incorporation of the thymidine kinase gene in a CRAd 
has been shown to confer therapeutic efficacy and safety traits. 
However, the effects of radiation, chemotherapy, or cytotoxic gene 
therapy on viral replication and the timing of these auxiliary inter- 
ventions with respect to the oncolytic treatment have not been eval- 
uated yet, and it would be also desirable to understand the limita- 
tions of the single agent before trying complex combinations. 

A mutant also proposed for specific replication is based on the 
deletion of the retinoblastoma gene (/?/?) -binding site of El a^'. These 
mutants cannot induce resting cells to pass the G2/M checkpoint 
and progress to mitosis^^. One of these mutants AdA24 has been 
studied for oncolysis of glioblastomas. Cells arrested by the previous 
infection with a pRb-expressing adenoviral vector become refractory 
to cell lysis by AdA24. In a brain tumor context where normal cells 
are resting, the specificity of this agent could be enough to allow a 
certain level of amplification in the dividing tumor cells. Mutants 
unable to bind Rb and p300 will likely be even more tumor-selective 
because of their inability to induce S phase. The lack of good animal 
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Table 1. lypes of adenoviruses used as oncolytic agents 



Name (serotype) 



Basis of tumor-selective propagation 



Therapeutic traits Reference 



Ad wild type 
(various serotypes) 
AdS/IFN (Ad5) 

dn520 

orOnyx015(Ad2/5) 
AdTKRC 

Ad-5-CD-TKrep 
or FGR (Ad5) 
AdvE1AdB-F/K20 {Ad5) 

AxEIAdB (Ad5) 
&AdCAhlL-2(Ad5) 
AdD24 (Ad5) 
CN706 (Ad5) 
CN763 (Ad5) 
CN764 (Ad5) 

■ CV739 

CV787 



AvEla041 
GT5610(Ad5) 
+ AdHB (Ad5) 
DI337 (Ad5) 

DI316{Ad5) 
Dni8(Ad5) 



None 
None 

E1b55kDa-deletion abrogates p5J binding 

El b55kDa-deleiion abrogates p53 binding 

El b55kDa-deletion abrogates p53 binding 

El b55kDa-deletion abrogates p53 binding 

E1b55kDa-deletion abrogates p53 binding 

Ela deletion abrogates /?Z> binding 
Regulation of Ela under the PSA promoter 
Regulation of Ela under the kaliikrein 2 promoter 
Regulation of Ela under the PSA promoter 

and El b under the kaliikrein 2 promoter 
Regulation of E1a under rat probasin promoter 

and Elb under human PSA promoter 
Regulation of El a under rat probasin 

promoter and El b under human PSA promoter 

Regulation of Ela under the AFP promoter 
Regulation of Ela under the AFP promoter 

None 

The complete deletion of Ela makes this 

mutant dependent on intrinsic or 

IL-6-lnduced El a-Hke activity 
The complete deletion of E 1 b abrogates p53 

binding; however, Ela-induced apoptosis 

is not inhibited by El b-19kDa 



models that allow adenovirus replication in normal cells is an obsta- 
cle to evaluate the toxicity of this and other CRAds. 

A secpnd strategy to achieve tumor-selective replication is the 
replacement of viral promoters with tumor or tissue-specific promot- 
ers. Paul Hallenbeck (Genetic Therapy-Novartis; Gaithersburg, MD) 
and Daniel R. Henderson (Calydon; Sunnyvale, CA) have pioneered 
the efforts in this direction using a-fetoprotein (AFP) and prostate- 
specific antigen (PSA) promoters to drive the adenovirus Ela 
gene*^'^^'^^ to treat hepatocellular and prostate carcinomas, respective- 
ly. Even though they have shown some degree of specificity with these 
promoters, it is known that cellular promoters do not keep the proper 
fidelity in the viral genome^^ Low levek of viral products such as Ela 
may be sufficient for replication, thus preventing specificity. Different 
mechanisms can account for this leakiness: the presence of enhancers 
in the viral genome, the presence of viral DNA-binding protein instead 
of histones, and the location of the viral genome in active centers of 
transcription, among others, Insulation of promoters with genomic 
DNA sequences has been shown to increase the promoter fidelity^^ 

In a different strategy, the interference of cj5 sequences has been 
avoided by delivering the regulated viral gene expression cassette 
in a plasmid, allowing only one round of viral replication^'. The 
regulation of viral genes for which the products are needed in 
greater amounts, or of several viral genes that participate in one 
viral function (e.g.. the role of Elb-55kDa and E4-34kDa in RNA 
transport), could further limit viral replication. In this regard, a 
double-regulated Ela/Elb adenovirus by two different prostate- 
specific promoters has been reported and shown greater attenua- 
tion in non-prostate tumor cells'^. If promoter fidelity in the viral 
context can be improved, promoter regulation is attractive because 
it does not rely so much on our knowledge of viral functions. In 
addition, this strategy has the advantage, compared with Ela 



Oncolysis 

Oncolysis & immuno- 
stimulatory gene therapy 
Oncolysis 

Oncolysis & suicide 

gene therapy (TK) 
Oncolysis & suicide 

gene therapy (CD i 
Oncolysis with 

enhanced infectivity 
Oncolysis & immuno- 

stimulatory gene therapy 
Oncolysis 
Oncolysis 
Oncolysis 
Oncolysis 

Oncolysis 

Oncolysis (enhanced 
compared with CV739 
due to the presence of E3) 

Oncolysis 

Oncolysis 

Oncolysis (enhanced due 
to E1b-19kDa deletion) 
Oncolysis 



Oncolysis 



2, 51 

54 

13 

19 

55 

41 

31 

21 
24 
10 
10 

29 

29 



23 
30 

43 

56 



44 



mutants, that the absence of 
Ela expression in normal cells 
may decrease E la-associated 
toxicity. 

In the strategies mentioned 
above, the size of the exoge- 
nous DNA that a CRAd can 
accommodate is limited. 
Whereas early region 3 is dis- 
pensable for virus replication, 
it is actually necessary for 
proper cell lysis^ and to par- 
tially evade the immune sys- 
tem^^ Therefore, a CRAd with 
no deletions can only accom- 
modate an extra 1.8 kb of 
DNA, To avoid this limitation, 
a double system composed of 
both a gutless 36-kb capacity 
adenovirus containing an Insu- 
lated AFP-El cassette and an 
El -deleted adenovirus has 
been used and shown to selec- 
tively lyse AFP-expressing 
tumors^^. In a similar comple- 
mentation strategy, a CRAd 
such as Onyx-015 has been co- 
injected with an El -deleted 
vector expressing interleukin-2 
to increase intratumoral 
expression and therapeutic 
outcome^'. However, the 
requirement of double infec- 
tion curtails the efficacy at low 
multiplicities of infection as would be the case after systemic 
delivery, or in poorly infectable tumors. 

Delivery and intratumoral spread 

Although nonreplicative adenoviral vectors have been the subject of 
numerous modifications for efficient and selective delivery to 
tumors, little has been done on the delivery of replicative aden- 
ovirus. Nonetheless, the rules that apply to the delivery of adenoviral 
vectors can also be applied to CRAd delivery. A proper delivery 
should spare normal cells from infection to avoid toxicity, so it 
includes the concept of tumor targeting. The delivery requirements 
to local or disseminated cancer are, however, very different. For 
localized malignant disease, tumor targeting of replicative aden- 
oviruses may not be critical. Local-regional ovarian carcinomas, 
head and neck, and brain tumors can be approached from a direct 
injection route with chances of success. For disseminated cancer, 
however, systemic delivery is necessary. 

Adenovirus is not a blood-borne virus and its clearance from 
blood is very effectlve^^. Like many other viruses, particles, and col- 
loids, adenovirus is rapidly cleared by liver Kupflfer cells by an 
unknown mechanism that seems independent of the interaction of 
its capsid fiber with the Coxsackie-adenovirus receptor (CAR). Other 
CAR-dependent cellular interactions, such as those with hepatocytes, 
could be bypassed by using CAR-binding ablated adenoviruses^, In 
this way, CAR-binding ablation could lessen the hepatocellular toxic- 
ity associated with adenovirus systemic delivery. Furthermore, other 
capsid modifications based on the alteration of hydrophobicity or 
charge are conceivable in order to increase virus persistence in blood, 
which in turn would facilitate virus delivery to tumors. 

The porosity of the endothelial barrier could account for certain 
levels of passive tumor targeting, since, with the exception of spleen 
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and liver vessels, only tumor vessels may allow the extravasation of 
particles in the adenovirus size range. This is the principle behind the 
systemic delivery of drugs by long-circulating stealth liposomes'^. On 
the other hand, active tumor targeting of adenovirus has been 
achieved using antibodies or other ligands. such as epidermal growth 
factor and basic fibroblast growth factor, attached to its capsid^^ In 
vivo stability and size of these complexes are caveats that need to be 
addressed. A better strategy is to genetically modify the fiber or 
another exposed capsid protein to present a tumor-speciflc Hgand. 
Progress in this direction has been encouraged by the successful 
insertion of small peptides such as the Arg-Gly-Asp (RGD) motif In 
the adenovirus fiber^, resulting in adenovirus retargeting. 

Finally, nonviral delivery of the replicative agent genome can be 
considered as another way to circumvent the blood clearance, target- 
ing, and toxicity limitations associated with adenovirus particles. In 
this regard, linear adenovirus DNA is poorly infective, especially when 
the terminal protein attached to the ends that act as a replication 
primer is not preserved after DNA purification. Circular adenovirus 
genomes fused at their termini form infectious plasmids. If the infec- 
tivity of these plasmids could be increased by modifying the terminal 
repeats so they can efTiciently dock the replication initiation complex, 
then these plasmids could be delivered by means of nonviral vectors 
optimized for systemic administration and tumor targeting. 

Intratumoral spread is a problem different from delivery. As men- 
tioned above, selective tumor delivery requires the ablation of the nat- 
ural tropism of adenovirus, determined by its binding to CAR^l In 
contrast, to enhance intratumoral spread, it is desirable to broaden the 
tropism to different entry pathways, avoiding the selection of nonin- 
fectable tumor cells. Another difference is that, whereas delivery can 
be accomplished by conjugation of the virus to ligands, intratumoral 
spread will require the capsid modifications to be genetically incorpo- 
rated in order to be present in the progeny. The function of the natur- 
al adenovirus type 5 receptor is not known, but its expression seems 
ubiquitous. However, some reports have indicated that in certain cases 
tumors may have low CAR levels^^-^^ To broaden the viral tropism, lig- 
ands have been incorporated into the fiber without interfering with 
CAR binding. The HI loop and the C terminus of the adenoviral fiber 
allow these insertions. The insertion of small peptides, such as stretch- 
es of lysines to bind heparan sulfate and polyanionic cellular receptors, 
as well as peptides containing the RGD motif to bind ocv integrins have 
been shown to broaden viral tropism and increase infectivity^'-^^. In a 
CRAd context, the insertion of a polylysine at the fiber C terminus 
increased the oncolytic potency of Onyx-015 in vitro and in vivo by 
intratumoral administration in the glioblastoma cell line U373MG^'. 
However, as described for several viruses, strains or mutants selected 
for enhanced or widespread binding in vitro may not target specific 
cell types after systemic administration^^ 

Another approach to increase the viral spread has been to enhance 
the release of the replicative vector from the tumor cells. A replicative 
adenovirus deleted in the anti-apoptotic Elb-19kDa viral gene 
induces more apoptosis, is released earlier, and spreads faster than 
wild type^^. The combined deletions of Elb-55kDa and Elb-19kDa 
could therefore enhance the oncolytic effect of Elb-55kDa mutants, 
such as OnyxOlS. An adenovirus containing this complete Elb dele- 
tion has been shown to be cytotoxic**. The effect of the Elb-19kDa 
deletion on progeny production is, however, variable among different 
cell lines, and the effect of premature apoptosis on progeny produc- 
tion remains an issue. Moreover, the possible induction of apoptosis 
in normal cells with the subsequent associated toxicity should be 
taken into account. Rather than deleting viral inhibitors of cell death, 
such as Elb-19kDa, one could seek to enhance the mechanism by 
which adenovirus promotes cell death. Preserving the adenovirus E3- 
1 1 .6kDa death protein^* in a CRAd has been shown to enhance its par- 
ticle release and oncolytic potency^^. Proteolysis of keratins by L3- 
23kDa and inhibition of cell translation by L4-100kDa also promote 



cell lysis and progeny release*^ The dependence of the oncolytic 
potency of CRAds on these viral functions remains to be studied. 

A different area of Intervention to be explored is the diffusion of 
CRAds throughout the tumor. Several vasoactive drugs, cytokines, 
or physical treatments, such as radiation or heat, increase tumor vas- 
cular permeability and blood flow, leading to faster diffusion^^. The 
incorporation of lytic enzymes, such as hyaluronidase, into a CRAd 
could also increase diffusion rates. 

Control of the immune response 

As mentioned earlier, the major obstacle for a successful virotherapy is 
the neutralizing immune response. In the early clinical trials with wild- 
type adenovirus, less frequent therapeutic responses were observed in 
patients with elevated serum neutralizing antibodies^ Cortisone was 
administered to lessen the immune reaction and although it seemed to 
enhance the initial intratumoral necrosis, it did not affect the antibody 
production. In Onyx-015 trials, where a well-purified virus has been 
used, it seems that at least pre-existing antibody levels have not influ- 
enced antitumoral activity or toxicity^. Although oncolytic/immune 
response kinetics need to be addressed meticulously in clinical trials to 
understand CRAd limitations, an area that requires improvement is the 
development of an appropriate preclinical model. 

Preclinical studies on the interaction of the immune system with 
replicative adenoviruses have been limited by the lack of appropriate 
animal models, because of the poor replication of human aden- 
ovirus in other species, including monkeys. For this reason, only 
immunodeficient murine models have been employed to study 
oncolytic potency in xenografted human tumors. Perhaps the only 
preclinical studies on the effect of the immune system in viirotherapy 
come from models of oncolysis by herpesvirus hrR3 in rodents, 
where the virus can replicate. In one report, innate preimmune IgM 
and neutralizing antibodies have precluded successful oncolysis of 
brain tumors in rats^^ In contrast, no differences have been found 
treating liver metastases with hrR3 in immunocompetent or 
immunodeficient mice^ 

Ad5 has been administered oronasally into different species to 
reproduce the pathology of human infections. Cotton rats and pigs 
have been identified as the most permissive models for Ad5 replication, 
which occurs to some extent in lungs^***'. Although some conclusions 
could be obtained regarding the efficacy of oncolytic adenoviruses in 
these immune-competent hosts, these models are not permissive 
enough to test the toxicity of adenovirus, as indicated by the positive 
correlation between titers in tissues and input dose of Ad5. In truly per- 
missive species, viral titers in tissues are independent of the dose inject- 
ed. In general, murine and simian cells allow Ad5 DNA replication, but 
a late block prevents progeny production^. However, there is some evi- 
dence that mice support a low level of replication of Ad5 (ref. 50) i After 
a high intravenous dose in mice and hamsters, Ad5 undergoes an 
abortive, but lytic, infection in many hepatocytes. whereas only a few 
are able to complete virus production at low levels^^. Khoobyarian and 
colleagues^ ^ observed Ad2 progeny production in hamster melanoma 
cells and applied this model to oncolysis. Only high doses of Ad2 inject- 
ed soon after the implantation of the tumors were effective. Poor per- 
missiveness of hamster cells could account for this lack of efficacy. 

In an attempt to find a good murine model for CRAds, Ganly and 
cowbrkers^^ recently have studic;d the replication of Ad2 in murine 
cells. Two cell lines, B9 and SN161, were shown to produce progeny 
at levels 50-foId and 25-fold (respectively) lower than the human 
A2780Cp cell line, but no comparison to the commonly used human 
293 cell line was provided. This work may lead to immune-compe- 
tent animal models where some virotherapy could be achieved, 
opening the possibility to study and modulate the immune system. It 
is conceivable that neutralizing antibodies will counteract the spread 
of the virus and antiviral cytotoxic T lymphocytes will destroy 
infected cells. In this case, shifting the immune response toward the 
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T-helper 1 type could change the oncolytic outcome. Interleukin-12 
can induce this shift and has been shown to abrogate the develop- 
ment of neutralizing antibodies against adenoviral vectors^^ 

Conclusions 

Replicative adenoviruses are being engineered to achieve selective tar- 
geting and amplification for the treatment of local and disseminated 
cancer. Whereas chemotherapy and immunotherapy remain the cur- 
rent therapeutic choices for disseminated tumors, an agent that can be 
delivered systemically, can be targeted to tumor cells, and can amplify 
their cytolytic effect in a tumor-specific manner would undoubtedly be 
of clinical benefit. These agents share some attributes of the immune 
system with the advantage that tumors have not been exposed to them 
before their administration and thus have not selected specific mecha- 
nisms to evade them. Blood persistence, tumor targeting, tumor-specif- 
ic replication, lateral spread, and the interaction with the immune sys- 
tem are obstacles that have been identified. Research is ongoing in each 
of these areas to improve the efRcacy/toxicity ratio. Claims of selective 
magic bullets need to be modest, though, because much remains to be 
known about the regulation of viral replication and how to harness it. 
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Making viruses into safe and effective agents for treating cancer 
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I ately, an old idea has recaptured the 
I interests of cHnical oncologists and 
microbiologists alike— namely, to 
use infectious viruses as an antitumor 
therapy. The potential of viruses as a 
cancer therapy was first recognized in cases of 
unintentional exposure. In 1912, for example, 
the Italian physician Nicola De Pace reported 
that cervical carcinomas regressed in patients 
who had been vaccinated with live, attenuated 
rabiesvirus. In the following years, other cancer 
remissions were ascribed to concomitant infec- 
tions with viruses. These cases 
most frequently involved hemato- 
logical malignancies and infec- 
tions with the measles virus. 

Such naturally occurring remis- 
sions inspired investigators to 
study the antitumor effects of ex- 
perimental virus administration to 
tumor- bearing animals during the 
1920s and thereafter. These exper- 
iments involved a-*wide variety of 
viruses and often they were tested 
indiscriminately against tumors of 
various origin. Documented suc- 
cesses with viral treatment of ex- 
perimentally induced tumors in 
laboratory animals eventually cul- 
minated in clinical experiments in 
cancer patients. Uncontrolled tri- 
als involving several potentially oncolytic vi- 
ruses led to some promising responses that were 
reported in the literature. However, until the 
modern era, no one conducted rigorously con- 
trolled clinical, trials of oncolytic viruses. 

Prospects for Manipulating Pathogenic 
Properties Are Dramatically Improved 

The antitumor activity of oncolytic viruses is 
believed, primarily, to reflect tumor cell destruc- 
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tion due to virus infection and intracellular rep- 
lication. However, investigators realized early 
on that the antitumor effect of viruses might 
stem not only from direct cytolysis as a result of 
infection, but also from indirect effects caused 
by host defense mechanisms provoked by virus 
replication. This phenomenon became known 
as "postoncolytic antitumor immunity." Re- 
searchers proposed several hypotheses to ex- 
plain this phenomenon, including (i) immuno- 
logic reactions directed against malignant cells 
elicited by tumor cell lysis, (ii) inflammatory 
responses to virus infection limit- 
ing tumor progress, (iii) interfer- 
ence with replicating preexisting 
oncogenic viruses in the tumor, 
and (iv) establishment of noncyto- 
lytic infection within the tumor, 
producing antiviral responses di- 
rected against persistently infected 
tumor cells. 

The concept of postoncolytic 
antitumor immunity relates to 
much earlier observations by Paul 
Ehrlich, who produced antitumor 
immunity in the absence of infec- 
tion by inoculating experimental 
animals with tumor tissue lysates. 
The general principle believed to 
underlie post-oncolytic antitumor 
immunity and related concepts 
evolved into the field of cancer immunotherapy. 

Viral oncolysis is again attracting attention, in 
part because of progress in understanding virus- 
host interactions and how to manipulate them. 
Early efforts to produce oncolytic viruses were 
limited to naturally occurring primary isolates, 
laboratory strains, and existing attenuated vac- 
cines. Although readily available, these virus 
preparations were often poorly defined and ill- 
suited for therapeutic purposes. Now, recombi- 
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nant DNA technology and other 
techniques enable researchers to 
manipulate viruses at will, dra- 
matically improving prospects for 
developing oncolytic viruses into 
therapeutic agents. Accordingly, 
follow^ing the first description of a 
genetically modified oncolytic her- 
pesvirus (HSV) by Robert Mar- 
tuza and his collaborators in 1991, 
numerous strategies for viral oncol- 
ysis have been devised (Table 1). 

Oncolytic Viruses Need To 
Overcome Several Hurdles 




Nevertheless, converting poten- 
tially pathogenic viruses into safe 
and effective therapies for treating 
cancer patients remains a formi- 
dable challenge. For one thing, vi- 
ruses interact in complex ways 
with tumor cells. To reach dis- 
persed loci of invasive or meta- 
static cancers, such viruses need 
to penetrate surrounding tissue 
and evade host defenses before 
they can target and destroy malig- 
nant cells. Moreover, the susceptibility of cancer 
cells to oncolytic viral agents depends on the pres- 
ence of appropriate molecules on their surface to 
which these viruses can bind and use to enter 
target tumor cells. In addition, oncolytic viruses 
will need to replicate, meaning this approach 
will work only in those cases in which tumor 
cells provide a suitable intracellular milieu. 
Most importantly, viruses proposed for tumor 
treatment should be devoid of pathogenic prop- 
erties that might cause collateral damage to 
healthy tissue. Combining these properties in a 
single agent will not be a simple feat. 

Researchers are modifying viruses in efforts to 
meet these requirements, and they are reporting 
significant progress— developing new ways of 
administering such viruses to patients, improving 
their targeting properties, inducing more specific 
tumor cytolysis, and more fully attenuating the 
pathogenic properties of some of these viruses. 

Virus Tropism: Recognizing 
tlie Tumor Targets 

To characterize some of the complex interac- 
tions between oncolytic agents and tumors, re- 
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searchers typically first conduct studies in tissue 
culture or in xenotransplant systems based on 
clonal tumor cell lines. However, this depen- 
dence on tumor cell lines and tissue culture 
systems has been an Achilles* heel for this field of 
study. Inevitably, studies in cell culture-based 
systems are limited because they cannot repro- 
duce key effects that arise from tissue architec- 
ture and host defense systems. Although some of 
these shortcomings can be met by evaluating 
oncolytic viruses in animal tumor models, other 
critical questions cannot be addressed through 
assays based on clonal tumor cell lines alone. 

Some of these shortcomings have become ev- 
ident during the early stages of clinical trials 
with candidate oncolytic agents based on adeno- 
viruses type 2 or 5. The antineoplastic activity of 
type 2 and 5 adenoviruses very much depends 
on a critical attachment factor, the coxsackievi- 
rus/adenovirus receptor (CAR). While CAR is 
not the sole determinant for adenovirus entry 
into cancer cells, it is essential for conferring 
susceptibility to this virus. Preclinical tissue cul- 
ture and xenotransplantation experiments dem- 
onstrated efficient cytolysis in cell lines selected 
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Creatively Melding the Arts and Sciences 

A decade ago Matthias Gromeier momentarily thought 
himself a victim of bad luck when he was forced to veer 
away from his first scientific passion, HIV, and toward 
studying poliovirus. But he long since changed his mind. 
Even as a young medical student, Gromeier says that he felt 
little interest in practicing medicine. Instead, he was drawn 
to research, particularly in virology. Not surprisingly, once 
embarked on studying the poliovirus, he decided to stay. 
With it. "You stick -with what works," he says. 

A medical student at the University of Hamburg in his 
native Germany, Gromeier was required to write a thesis 
before graduating. To do so, he had to find a lab chief 
willing to take him in. But there were no openings in the 
AIDS lab, his first choice. "I really wanted to get into HIV, 
but it wasn't possible," he says. "The only position available 
was in polio. So I got stuck with the polio virus-and I ve 
never regrietted it." . n 

In the years since, Gromeier, 36, who came to the United 
States in 1993 and is now an assistant professor of micro- 
biology at Duke University Medical Center, has devoted his 
scientific career to the workings of the poliovirus. More 
recently, he has focused on the promise of its use in altered 
form to attack brain cancer. Animal results have been 
extremely exciting as have lab studies on human cells, and 
these successes could soon lead to clinical trials. 

Motor neurons in the human brain have a receptor, which 
IS an immediate target of the poliovirus, providing a nieans 
wheireby poliovirus infections can lead to paralysis. Bram 
■tumor cells also have abnormal levels of this receptor, 
making the malignanaes another appealing target for the 
virus To ensute that the poliovjrus could not attack motor 
neuron c6lls, Gromeier apd his colleagues remove a se- 
quence encompassiiig the internal riboitomal entry site 
(IRES) that the poliovirus needs for makjng getie products, 
replacing it With' its counterpart fr8m Type II rhinovlrus. 
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all recovered within two weeks," 
Gromeier says. "We had astounding 
recoveries." Moreover, primary cell 
lines made from tumors of patients 
behave much the same. "It works like 
a charm," he says. 

In 1993, he came to this country as 
a postdoctoral fellow in the lab of 
Eckard Wimmer at the State Univer- 
sity of New York at Stony Brook, 
where they and their colleagues conducted virus research. 
He describes Wimmer as "the leading polio virologist -and 
one of the most renowned virologists -in the world today. 
It was very attractive for me as a budding scientist to go 
there " He stayed until 1999, when he moved to Duke 
University, in Durham, N.C. In September of that year he 
received the prestigious Burroughs Wellcome Fund Career 
Award, which provided $540,000 for him to pursue his 
polio and brain cancer research through August 2003. 

Gromeier is the second of three children born to a college 
economics teacher and his wife, a governess. His younger 
sister is a medjcal doctor in Germany, and his older brother 
is a computer expert who lives m Italy. There was a time 
when Gromeier thought he would become a musician, 
rather than a physician who does research in vurology. He 
began playing the cello when he was 8, and took his music 
very seriously, contemplating a career as a cellist. 

"I was quite good, but I wasn't good enough," Gromeier 
s#s "I al50 couldn't deal with 8-hour practices every day. 
It's one thing to play for fun, and anothfer to play profes- 
sidnally. tjust decided it wasn't for me." H6 says that 
althoukh he has not played the instrtiment in 10 years- 1 
Was tiurnefl out" -he is poised to' take' it up, again. He 
rtcentbdiad his cello, sent from Germahy. "I may play m an 
dkhAStra here, or in an ensemble, but.first I have t&. start 
plactj^g," te'says. ' r , ' ^ u 
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for their susceptibility to adenovirus-based on- 
colytic agents (in other words, cell Hnes that 
express enough CAR to permit adenovirus at- 
tachment and entry). However, subsequent ex- 
periments indicated that CAR expression is er- 
ratic among clonal tumor cell lines and even less 
reliable in tumors occurring in patients. 

These and other experiments in tissue culture 
and xenotransplanted animals indicate that on- 
colytic viruses can be effective against tumor cell 
lines without being effective against the target 
tumor type in general. Indeed, there is a need to 
understand which molecular determinants of 
viral oncolysis in cultured cell lines will accu- 
rately correlate with those encountered in tu- 
mors within patients. 

The most obvious susceptibility determinants 
are cell surface molecules involved in virus at- 
tachment and entry. In view of the known dis- 
crepancies of expression of cell surface markers 
in clonal tumor cell lines and primary explant 
tumor biopsies, virus receptor expression in tu- 
mors should be thoroughly characterized before 
clinically evaluating oncolytic viruses. For in- 
stance, histochemical studies could complement 
expression analyses of homogenized tissues 
(e.g., Western blot or immunoprecipitation as- 
says) as one means for determining levels of viral 
attachment proteins within a tumor. 

Although desirable, it may be difficult to de- 
termine whether individual tumors are suscepti- 
ble to a proposed oncolytic agent. Moreover, 
several virus species being proposed as oncolytic 
agents, including HSV and reoviruses, require 
multiple cell surface molecules to achieve host 
cell entry. In the case of the oncolytic type 1 HSV 
now under clinical investigation, the contribu- 
tions of several entry mediators to tropism, in- 
cluding HVEM (a member of the tumor necrosis 
factor family), the poliovirus receptor related 
molecule 1 (PRR-1, also known as nectin-1), 
and 3-0-sulfotransferase-3-modified heparan 
sulfate, may be difficult to unravel. On the other 
hand, the entry hurdle faced by oncolytic polio- 
virus recombinants may be comparatively sim- 
ple. Poliovirus attachment and entry depends on 
a single entity, the human poliovirus receptor 
CD155, This simplicity permits investigators to 
conduct rapid diagnostic tests on tumor biopsy 
samples. Detecting CD155 may help to predict 
whether a tumor will be susceptible to oncolytic 
polioviruses (Fig, 1). 
In general, affinity for specific cell surface 



molecules dictates virus tropism and, hence, is a 
potent determinant of the oncolytic potential of 
any virus. To circumvent the limitations of tu- 
mor tropism of oncolytic adenoviruses imposed 
by receptor specificity for CAR, several re- 
searchers are altering adenoviruses, giving them 
affinity for cell surface molecules other than 
CAR. While changing receptor specificities "by 
design" may be highly desirable to optimize 
tumor tropism, it risks changing the pathogenic 
properties of the virus. 

Viruses with a Natural Preference for 
Cancer Cells 

A natural incUnation of several virus species 
Awards propagation in transformed cells has 
been recognized as early as the 1930s. More 
recent studies have carefully documented the 
inherent tumor preference of reoviruses, vesicu- 
lar stomatitis viruses (VSV), and Newcastle dis- 
ease viruses (NDV) that qualifies these species as 
oncolytic agents (see table). Tissue culture ex- 
periments revealed replication properties of 
these RNA viruses to markedly improve with 
malignant transformation of host cells. Although 
the exact mechanism of inherent conditional 
replication in malignant cells remains unknown, 
available evidence suggests defects within host 
cell responses to viral infection in cancerous cells 
to account for their sensitivity to these agents. 

Interferons (IFN) occupy a central position in 
the host's defense against viral infection, provid- 
ing early recognition of the intruder and sup- 
pression of virus replication and spread. IFN 
responses have been linked with a multitude of 
pathways mediating antiviral activity, either by 
interfering with specific steps in the virus life 
cycle or by affecting basic functions of the in- 
fected host cell. 

Empirical findings stemming from the use of 
IFNs in cancer therapy revealed that IFN-medi- 
ated pathways frequently are defective in malig- 
nancy. While nonresponsiveness to IFN gener- 
ally may confer a growth advantage to cancerous 
cells, it exposes them to viruses that are readily 
controlled in nonmalignant cells with intact 
IFN-mediated defenses. Thus, selectivity for 
cancerous cells, a prerequisite for clinical apph- 
cation of oncolytic viruses, may be conferred to 
some virus species through cytogenetic abnor- 
malities in certain tumors. Oncolytic reoviruses 
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Preclinical testing of oncolytic recombinant polioviruses using tumor biopsy material from patients diagnosed with 
glioblastoma multiforme. A.-C. Antigen captureAVestern bl'oi- analysis of CD 155 expression in cell lines (C) and 
tissues (T) of various origin. Analyses were conducted using decreasing amounts of homogenate (the amount of 
total protein subjected to the assay is indicated atop). A. Low-passage primary explant cell lines derived of glioma 
biopsy material from brain tumor patients (Q and tumor tissue itself (T) were tested for the presence of the human 
poliovirus receptor CD155. The assay revealed equivalent levels of CD155 expression in primary explant cell lines 
and original tumor tissue. B. CD155 expression in established glioma cell lines (e.g. DU65or HTB-15) corresponded 
to expression levels in primary explant cell lines. C. Expression levels of CD155 in the healthy human CNS (lumbar 
spinal cord=LSC. temp. ctx.=temporal cortex) were exceedingly low. D. Viral oncolysis of primary explant glioma 
cultures derived from patients' tumor biopsies indicates universal susceptibility to oncolytic poliovirus recombinants. 
Virus treatment resulted in complete lysis of tumor cells 1 2 hrs post infection (p.i.) in all cases. Efficient viral oncolysis 
corresponded to the observed universal expression of CD 155 in primary explant cell lines and biopsy tissues. 



and NDVs are being investigated in clinical tri- 
als for activity against a variety of tumor types. 

Engineering Viruses Harmful to Tumors 
but Not the Host 

When genetically manipulated, some viruses, 
including many of those proposed as oncolytic 



agents (see table), will conditionally replicate in 
cancerous cells. These include HSVs, adenovi- 
ruses, and poliovirus. Without genetic alterations 
directing virus cytopathogenicity specifically to- 
wards tumor cells, therapeutic application of 
these viruses would be precluded by their patho- 
genic potential. The concept of conditionally 
replicating oncolytic viruses was developed with 
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HSVs and adenoviruses carrying deletions of 
viral genes. These strategies followed the princi- 
ple to remove viral gene products that are re- 
quired for replication in normal tissues but dis- 
pensable for virus growth in malignant cell types. 

Replication of HSV-1 in natural host cells 
(i.e., neurons) depends upon a set of gene prod- 
ucts involved in nucleotide metabolism (ribonu- 
cleotide reductase or thymidine kinase) and neu- 
tralization of IFN responses. HSV variants that 
carry defective ribonucleotide reductase or thy- 
midine kinase genes exhibit attenuation of neu- 
rovirulence and fail to induce latency in experi- 
mental animals. Similarly, deletion of the 
7(1)34.5 gene exposes the virus to activation of 
the double-stranded RNA-activated protein ki- 
nase (PKR), a critical part of the host defense 
system against virus infection. Consequently, 
HSV 7(1)34.5" variants exhibit drastically re- 
duced neurovirulence. 

Deletion of these HSV genes, despite their 
effect on replication in healthy neuronal cell 
types, does not significantly affect virus replica- 
tion in rapidly dividing tumor cells. This may be 
explained by the different intracellular milieu of 
cancer cells, providing optimal conditions for 
HSV replication, even in the absence of viral 
gene products needed in normal cell types. De- 
leting the 7(1)34.5 gene appears to generate a 
situation comparable to viruses with inherent 
preference for malignant cell types. HSV 
7(1)34.5' variants depend on defects within the 
host cell defense system of tumor cells to unfold 
selective cytopathogenicity for cancerous cells. 

Researchers manipulated adenoviruses to 
conditionally replicate in tumor cells that ex- 
press defective forms of p53. For example, they 
deleted the adenoviral ElB gene, whose product 
has been proposed to be essential for adenovirus 
replication in normal cells by antagonizing p53. 
Countering p53 activation may be necessary to 
prevent cell cycle arrest or apoptosis upon virus 
infection. On the basis of this hypothesis, inves- 
tigators postulated that nonmalignant cells, by 
virtue of expressing functional p53, should 
block replication of this ElB delgion mutant. 
According to this model, tumor c«s with defec- 
tive p53 would be unable to inhjfit replication 
of the recombinant virus. 

However, recent experiments cast doubt on 
the proposed mechanism of tumor selectivity of 
ElB -deleted adenoviruses, because their replica- 
tion profiles frequently do not correspond to the 



p53 status of malignant cells. Extensive experi- 
mental evidence indicates that the intricate rela- 
tion of adenovirus gene expression with the host 
cell cycle and its importance for virus propaga- 
tion require careful reevaluation to explain the 
observed antitumor phenotype of ElB deletion 
mutants. 

More recent attempts to achieve selective rep- 
lication in tumor cells through genetic engineer- 
ing of viruses include strategies to insert tran- 
scriptional control elements that are specifically 
upregulated in malignant cell types into the viral 
genome (HSV and adenoviruses). Poliovirus has 
been manipulated to achieve selective tumor 
cytopathogenicity at the level of translational 
control. Although expression of the poliovirus 
-^.receptor CD155 in malignant brain tumors pro- 
vides an ideal target for poliovirus (Fig. 1), its 
inherent neuropathogenic potential does not 
permit clinical application in brain tumor pa- 
tients. 

To generate a safe oncolytic agent, the natural 
pathogenic properties of poliovirus had to be 
eliminated. This challenge was met by manipu- 
lating 5' noncoding sequences that are critically 
involved in translational control of this virus — 
specifically, the internal ribosomal entry site 
(IRES). By exchanging the cognate IRES of po- 
liovirus with its counterpart from human rhino- 
virus type 2 (HRV2), neuropathogenicity is 
eliminated,. based on tests in which this modified 
virus is inoculated intraspinally in primates. 

Although unable to grow in healthy cells of 
neuronal derivation, these oncolytic polio-Zrhi-^ 
novirus recombinants retain excellent cytolytic 
properties in malignant gliomas overexpressing 
CD155 (Fig. 1). Thus, tumor selectivity of onco- 
lytic poliovirus recombinants for CNS tumors, 
favored by universal receptor expression, is pro- 
vided at the level of translational control, pre- 
venting unwanted neurotoxicity. 

Can Viruses Be Harnessed for Molecular 
Targeting of Tumors? 

The obvious advantages of generating condi- 
tionally replicating oncolytic agents that re- 
spond to specific coilditions within malignant 
cells are offset by the fact that such conditions 
may be either uncommon or irregularly distrib- 
uted within tumor tissues. Conditionally repli- 
cating oncolytic viruses were characterized in 
clonal tumor cell lines chosen for their suscepti- 
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bility to the agent in question. However, clonal 
cell lines with specific surface characteristics and 
intracellular properties poorly reflect the varied 
and irregular appearance of such properties in 
actual cancers. 

There is a marked trend to "individualize" 
chemotherapeutic cancer treatments, selecting 
and combining antineoplastic agents according 
to the characteristics of individual tumors. Be- 
cause conditionally replicating oncolytic viral 
agents depend on specific abnormalities within 
cancer cells, clinical applications of oncolytic 
viruses may greatly benefit from a similar ap- 
proach. As with receptor expression, tumors 
will need to be characterized and specific suscep- 
tibility traits detected before treatments begin to 
help ensure that cancer patients will respond to 
the particular oncolytic virus being adminis- 
tered. 

Can Oncolytic Viruses Be Used Safely in 
Tumor Patients? 

Safety is paramount in developing oncolytic vi- 
ruses to treat cancers in patients. The inherent 
pathogenic properties of particular oncolytic vi- 
ruses may be considered sufficiently mild or may 
need to be attenuated through genetic manipu- 
lation. Several viral species being considered as 
oncolytic agents, including VSV and NDV, pri- 
marily are pathogens of animals that rarely af- 
fect humans. Others, e.g., reovirus, are known 
as "orphans" (the napie "reo" is derived from 
respiratory enteric orphan), viruses that com- 
monly infect humans without causing cUnically ^ 
overt disease. 

Frequently, oncolytic viruses based on animal 
pathogens or orphans are referred to as "non- 
pathogenic" in humans. This terminology is 
misleading, in part because they are being called 
nonpathogenic based on how they behave dur- 
ing naturally occurring infections. However, 
any therapeutic intervention with oncolytic vi- 
ruses invariably involves administering them by 
unnatural routes. Viruses that fail to establish 
productive infection or elicit clinical symptoms 
after skin or aerosol exposure may very well do 
so after being inoculated intravenously, intrace- 
rebrally, or intraperitoneally into patients. 

Generally, for animal pathogens or orphans, 
no experimental system is established to evalu- 
ate their pathogenicity in nonhuman primates. 
Therefore, it is very difficult to gauge the imme- 



diate consequences and long-term effects of ad- 
ministering such orphan or non-human-patho- 
genic viruses by invasive means to tumor 
patients. The situation is further complicated 
because so many cancer patients, either because 
of their clinical status or from pretreatments 
with immunosuppressive drugs, have compro- 
mised immune systems. 

Proposals for treating patients with oncolytic 
viruses also sometimes call for using known 
human pathogens, such as HSV and poliovirus. 
For both viruses, their neuropathogenic proper- 
ties need to be attenuated before either one can 
be considered suitable for therapeutic applica- 
tions. Fortunately, well-established nonhuman 
primate models are available for testing whether 
attenuated oncolytic agents based on either of 
these viruses are safe. 

Similar to other indirect antitumor effects that 
result from host responses to virus replication 
within tumors, toxicity may result from immu- 
nological or inflammatory responses to such 
viruses. Reports of severe complications follow- 
ing treatments with viral vectors being tested as 
gene therapy agents have made the scientific 
community acutely aware of this problem. 
These occurrences highlight the need to evalu- 
ate—thoroughly and prior to clinical testing— 
the role of host responses to viruses and other 
toxicities that might arise if these oncolytic 
agents were used to treat patients. 

The Future of Oncolytic Viruses 

Since its conception 100 years ago, the idea of 
using viruses for treating malignant disease has 
come a long way. In particular, recent advances 
in our ability to manipulate viruses as a way of 
controlling their interactions with the host and 
with tumor cells is enabling us to harness such 
agents with advantageous properties, making 
them safer and more useful in antineoplastic 
therapy. 

Many malignancies targeted by oncolytic vi- 
ruses respond poorly to available treatments, 
making the development of alternative treat- 
ment regimens an urgent priority. However, this 
urgency should not seduce virologists, who are 
designing oncolytic virus-based treatments, and 
oncologists, who are concerned for their pa- 
tients, to hasten the testing of candidate thera- 
pies that might not be ready for clinical trials. 
Inadequate preclinical testing can severely re- 



tard and even damage the potential success of 
such chnical applications. 

For instance, the dramatic effects seen when 
using oncolytic viruses to treat tumor xeno- 
transplants in experimental animals often can- 
not be replicated in patients. Preclinical investi- 
gations of oncolytic agents probably v^ill never 
remove all questions about their efficacy and 
safety in patients. Howrever, simple assays test- 
ing for critical susceptibility determinants such 
as virus receptors in actual tumors rather than in 
clonal cell lines are available and can provide a 
sound basis for moving forward and treating 
patients with oncolytic viruses (Fig. 1). 

The mechanism(s) responsible for tumor cell 
killing for many oncolytic viruses, including 
agents being clinically investigated, remain ob^ 
scure. It is pivotal to determine the role of host 
responses to virus administration in tumor cell 
killing ("postoncolytic antitumor immunity" or 



related concepts) and toxicity, A major incentive 
for using replicating viruses to treat cancer pa- 
tients is the ability of such agents to propagate 
and spread from the initial site throughout can- 
cerous tissues, even to metastatic sites. Propos- 
als seeking to administer oncolytic viruses in 
very high doses seem misguided, since effectively 
replicating viruses would produce sufficient ti- 
ters on their own. Treatment with very high 
titers of therapeutic viruses might be likely to 
induce deleterious host responses not related to 
tumor cell killing. 

Rather than developing ever more sophisti- 
cated agents exploiting specific abnormalities in 
clonal tumor cell lines, successful strategies in- 
volving oncolytic viruses will depend on corre- 
lating the effects achieved in experimental sys- 
tems with conditions encountered in actual 
tumors whose properties confer resistance to 
available treatments. 
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